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A Procedure for the Analysis of Countercurrent 
Distribution Data* 


I. CURVE FITTING, PARAMETER ESTIMATES, AND ERROR ANALYSIS 


Minpet C. Sueps,t Ropert H. Purpy,{ Lewis L. Eneet,§ anp Jonn L. ONciEY 
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The need for a comprehensive analysis of data obtained from 
countercurrent distribution studies has led to the adoption of 
the procedure of fitting these data to polynomial curves. Al- 
though mathematical models of the countercurrent process are 
available for the fundamental operation and for single and 
double withdrawal operations (1-3), our experience with highly 
purified steroids distributed in the basic operation, including re- 
cycling, has often shown appreciable deviations from the expected 
normal or binomial curves. It is emphasized that operational 
deviations from the ideal model, rather than detectable hetero- 
geneity, resulted in distributions which were skewed or more 
broadened or peaked than expected. These deviations, antici- 
pated and discussed in detail by Craig et al. (4-6), may be due 
to situations where: (a) volume irregularities occur in the transfer 
process; (b) actual equilibrium conditions are not realized at each 
transfer; (c) the partition coefficient is a function of concentra- 
tion; (d) the partition coefficient is not independent of transfer 
number due to changes in phase composition and temperature; 
and (e) design problems occur such as that introduced by the 
extra half tube for transfer of the upper layer only in the recycle 
operation. Becausean error at a particular transfer stage affects 
all subsequent stages, the occurrence of any of the above irregu- 
larities during the countercurrent process may produce a final 
distribution that is not adequately represented by the binomial 
distribution. 

In addition, the usual representation of countercurrent distri- 
bution data by a binomial curve (or normal curve where a large 
number of transfers has been completed) requires selection of 
the peak tube number by inspection, or more elaborately by suc- 
cessive approximations. For comparison of analyses of distribu- 


* This work was supported by grants from the National Insti- 
tutes of Health, the American Cancer Society, Inc., and the Jane 
Coffin Childs Memorial Fund for Medical Research. This is 
Publication No. 1017 of the Cancer Commission of Harvard Uni- 
versity. Requests for reprints should be addressed to Dr. Lewis 
L. Engel, Huntington Laboratories, Massachusetts General Hos- 
pital, Boston 14, Massachusetts. 

{ Present address, Department of Biostatistics, University of 
Pittsburgh, Pittsburgh 13, Pennsylvania. 

t Predoctoral Fellow of the United States Public Health Service 
from 1956 to 1959. Present address, Department of Chemistry, 
Harvard University, Cambridge 38, Massachusetts. 

§ Permanent Faculty Fellow of the American Cancer Society. 


tions obtained by different techniques, an objective and repro- 
ducible method of describing the curves is required. 

Through the use of the method of orthogonal polynomials, 
unique values of the partition coefficients are determined ob- 
jectively, together with estimates of errors. To illustrate and 
test the applicability of thismethod, countercurrent distributions 
of previously purified steroids of 50 and 1000 transfers are ana- 
lyzed in detail, and shown to give estimates of high precision. 
In a subsequent paper, this method is further extended to the 
statistical analysis of radiochemical purity in countercurrent 
distributions. 


EXPERIMENTAL PROCEDURE 


Materials 


Estrone methoxime was prepared in a manner analogous to 
the standard preparation of oximes with methoxyamine acetate. 
The product was crystallized three times from methanol (m.p. 
256° corr.). The absorption spectrum of the compound had a 
maximum at 281.5 my (corr.) in p-dioxane with € = 2370. The 
substance did not exhibit fluorescence when heated with 88% 
sulfuric acid under the conditions described for some other 
estrogens (7). Examination by infrared spectroscopy and by 
paper chromatography did not reveal detectable contamination 
by estrone. 


CiwH2s02N! 
Calculated: C 76.22, H 8.42, N 4.68, OCH; 10.36 
Found: C 76.16, H 8.49, N 4.80, OCH; 10.18 
Estrone-16-C™ with a specific activity of 5.53 xX 10° c.p.m. 
was used as received from Charles E. Frosst and Company. 
When melted, it did not show the red coloration indicative of 
contamination with equilenin. 
Methods 


Estrone methoxime, 10 mg, was subjected to a 50-transfer 
countercurrent distribution in a motor-driven glass apparatus 
(H. O. Post Scientific Instrument Company) with the solvent 


1 The microanalyses were performed by Dr. M. Manser, Basel, 
Switzerland. 


3033 








3034 


system aqueous 90% methanol-carbon tetrachloride. At the 
completion of the distribution, the contents of tubes 15 to 40 
were evaporated in a vacuum from the frozen state. The resi- 
dues were dissolved in p-dioxane and the amount of estrone 
methoxime present was determined by ultraviolet spectropho- 
tometry at 281.5 my. Estrone methoxime obeys Beer’s Law at 
concentration ranges up to 100 ug per ml. 

Estrone-16-C™ was distributed with recycling with a 100-tube 
motor-driven apparatus. A solvent system, aqueous 67% 
methanol-carbon tetrachloride, was employed in which estrone 
had been found to have a partition coefficient of 1.07. To 
minimize the contamination of the final distribution with easily 
separable impurities, the machine was stopped after the comple- 
tion of 99 transfers and the contents of tubes outside +30 from 
the expected distribution mean were removed and discarded. 
These empty tubes were washed three times with small volumes 
of the solvent system and refilled. The countercurrent distri- 
bution was then continued with recycling. Upon the comple- 
tion of 1000 transfers, the contents of the even numbered tubes 
from 452 to 550 were divided into two equal sets of alternating 
tubes, arranged in a random order and evaporated in a vacuum 
from the frozen state. The residues were dissolved in 95% 
ethanol and aliquots of these solutions were allowed to evaporate 
spontaneously on stainless steel planchets. Counting was car- 
ried out in a windowless gas flow counter (model No. D-47, 
Nuclear-Chicago Corporation) equipped with an automatic 
sample changer and printer and an ultrascaler (Nuclear model 
192) operated in the Geiger region. A correction was made for 
coincidence loss as determined by multiple paired-source meas- 
urements (8) with use of the equation 7/R = 1 + 2.02 x 10-® 
R + 1.47 X 10-°° R?, where T = true counting rate and R = 
observed counting rate. 


Notation 
Most symbols will be redefined when introduced, but a sum- 
mary is given here, in alphabetical order. A carat placed above 
a letter, as in p, will designate an estimate of the parameter 


indicated. The word “analysis’’ below refers to the statistical 
analysis. 


a,B,y,9,¢ The theoretical (“‘true’’) coefficients in the poly- 
nomial equation for In 7. 

€ The ‘‘measurement error.”’ 

6 A parameter (standard deviation) of the normal 
distribution. 

he A coefficient of the polynomial Z, applying to 
the gth power of 7. 

m The mode and mean of the normal distribution. 

tg The familiar transcendental number usually 
designated by this letter. 

o The “‘true’”’ standard deviation of the y; around 
the polynomial curve. 

= An operational symbol meaning ‘‘take the sum 
_" 

a,b,c,d,f | The estimates in order of parameters a, B, y, 9, 


and ¢. 
A, B, C, D, E The coefficients of the curve fitted to orthogonal 
polynomials in terms of common logarithms. 
The base of the natural logarithms. 
The ‘‘variance ratio.’ 
The general term for the power of 7 (g = 1, 2, 
oe) 


~ Sye 


The constant interval between successive tubes 
in the analysis. 
a The general term for the tube number, where the 
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first tube in the countercurrent distribution 
is numbered i = 0, and the last (n + Ith) is 
numbered 7 = n. 


i The mean value of 7 for the analyzed tubes. 

} a The position of the peak of the observed dis- 
tribution. 

j The number of the first tube in the analysis 
minus h. 

K The partition coefficient. 

In The natural logarithm (log,). 

m The estimate of » where m = 7 + m’. 

m’ m — i. 

n The number of transfers in the countercurrent 
distribution. 

N hr 

P K/(K + 1). 

q 1—p=1/(K +}). 

r The number of tubes in the analysis. 

R? The multiple correlation coefficient. 

Ss Total quantity of solute in the system. 

T; The general (ith) term of the binomial distribu- 
tion. 

t The standardized variable (i — ,»)/é. 

a ee The variance of the statistic in parentheses. 

x A code number for each tube analyzed, where 
z= (i — j)/h. 

Y; A measurement reflecting the concentration of 


solute in tube No. 7. 

Yi logio Yi; = In Y;,/2.80259. The symbol y with or 
without a subscript is also used to denote 
coded values such as logio Y minus a constant 
(see Table II). 

The orthogonal polynomial referring to the gth 
power of 7. 


Z, 


MATHEMATICAL THEORY 


The logarithms of the concentration observed in a set of tubes 
are fitted to a polynomial equation in the tube numbers (i). An 
observed distribution may be described in this manner irrespec- 
tive of departures from a theoretical expected distribution. 
Moreover, since both the binomial distribution and its normal 
approximation may be expressed as polynomials in 7, direct 
comparisons are possible between the observed and the theoreti- 
cal distributions. 


Binomial and Normal Distributions 


After n transfers of a pure solute with a constant partition 
coefficient K = p/q, the concentration of solute in tube 7 (i = 
0, 1,2 --+ n) is expected to be equal to ST; where S is the total 
quantity of the solute in the system and 7’; is the binomial term: 


n! Ké 
il(n — i)! (K + 1)" 


n! 
il(n — i)! 





i= is Sie (1) 
Unless K = 1, the function described by Equation 1 is asym- 
metrical. In this binomial distribution, the mean value of i, 
which is not necessarily an integer, is equal to nK/(K + 1). 
The peak or mode of the distribution (J) is given by the expres- 
sion (9), 


(n+1)p—1<In < (n+1)p (2) 


or its equivalent 





nK ~1 _ (n+ DK 
K+1 ied 
When (n + 1)p is an integer, the peak is found at two tubes: 
I,, and I,, — 1. When this term is not an integer, J,, is equal 
to the largest integer < (n + 1)p. 
As is well known, when n is large the binomial term described 
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by Equation 1 becomes approximately equal to the normal fre- 
quency function: 
(i — »)* 
268 
Vi - 
Equation 3 describes a symmetrical curve with both its mean 
and its mode at p. 

With the use of Equation 3 as an approximation for Equation 
1, it is customary to define u as nK/(K + 1) and @ as nK/ 
(K + 1)2 It has, however, been shown (10) that particularly 
near the central part of the distribution, the values given by 
Equation 3 are relatively closer to Equation 1 when we put: 


exp — 


fi) = 


_m@+DK 1 
ee <i 
and (4) 
g - M+ DK 
(K + 1)? 


These definitions also facilitate the use of the method to be given 
here.? 


The equations for the binomial and normal distributions may 


be compared by studying their natural logarithms (In). From 
Equation 3, 
In f(i) = constant — el 
n f(i om (5) 
or, putting t = (¢ — p)/8, 
2 
In f(t) = constant — ; (5a) 


Alternatively, expansion of Equation 5 yields the polynomial 
equation of the second degree (quadratic) : 
In f(i) = a + Bi + yi? (6) 
where 8 is positive and + is negative. 
When yu and @ are defined as in Equation 4, the In of 7; in 
Equation 1 may be expressed (10) as a constant plus two infinite 


power series. The leading terms in the result, with the trans- 
formation t = (t — u)/6, are? 


e@ (K-18 
In T; ~ constant — Fs aK 4+) ’ 
(7) 
(K?+1) # 
~w2(K+1pe@7 
Several inferences may be drawn from this formulation. After 


appropriate substitutions, Equation 7 is equivalent to a poly- 
nomial in 7, namely to: 


InT; = at fit yit+ ait + gift. 8) 


In the central part of the distribution, where ¢ is small as 
compared to 6, the higher powers in Equations 7 and 8 vanish 
and the expressions in effect reduce to quadratic equations 
equivalent. to Equations 5 or 6. The portion of a binomial 
where this is true varies with K and with 6. It has been sug- 
gested elsewhere? that for practical purposes in curve fitting this 
“central” part of the distribution be defined as that area in 
which Equation 7 differs from Equation 5 by less than 0.020. 


2M. C. Sheps, submitted for publication. 
* This requirement in terms of logio in which the calculations 


are performed is equivalent to: Equation 1 — Equation 5 < 
0.0087. 
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TaBLe I 
‘Central portion”’ of distribution to be used in fitting quadratic 
equation, expressed as number of tubes on either 
side of peak tube 


















































K or 1/K 

Maximum 
0 | t= 

@—)/e 1-1.22| 1.35 | 1.50 | 1.67 | 1.86 | 2.33 | 3.00 | 4.00 | 5.00 
3 1.32 | 3.8} 3.4} 3.1/<3.0|<3.0/<3.0|<3.0|/<3.0/<3.0 
4 1.41 | 5.6 | 5.1 | 4.7) 4.4) 4.2) 3.9) 3.6) 3.4) 3.3 
5 1.48 | 7.4) 7.1 | 6.5) 6.1) 5.7) 5.2) 4.8) 4.6) 4.5 
6 1.56 | 9.3 | 9.1] 8.4) 7.8). 7,4] 6.9] 6.3) 5.9) 5.7 
7 1.62 * 111.3 | 10.4) 9.7) -9.1) 8.4) 7.8) 7.3) 7.1 
8 1.68 * /13.4 | 12.4) 11.6) 11.0) 10.0) 9.3) 8.8) 8.5 
9 1.73 * 115.5 | 14.6) 13.7) 12.9) 11.8) 10.9) 10.4) 10.0 
10 1.77 * \17.7 | 17.0) 15.9) 15.0} 13.7) 12.7] 12.0) 11.6 
11 1.82 * 20.0 | 19.3) 18.0) 17.0) 15.6) 14.5) 13.6) 13.2 
12 1.86 * |22.3 | 21.9) 20.4; 19.2) 17.5) 16.3) 15.3) 14.8 
13 1.89 * (24.5 | 24.4) 22.7) 21.4) 19.5) 18.2) 17.1) 16.6 
14 1.93 % * | 27.0) 25.2) 23.8)-21.7| 20.0) 19.0) 18.3 
15 1.96 4 * | 29.4) 27.6) 26.1) 23.7) 22.0) 20.8) 20.1 
16 2.00 ° * | 32.0) 30.2) 28.4! 25.9) 24.1) 22.7) 22.0 
17 2.03 “¢ * | 34.5) 32.8) 30.9} 28.2) 26.1) 24.6) 23.9 
18 2.06 . * | 37.0) 35.4| 33.4!) 30.4) 28.2) 26.6) 25.7 
19 2.09 - * | 39.7) 38.0) 35.9) 32.6] 30.4) 28.6) 27.7 
20 2.11 ° * | 42.2) 40.8) 38.6) 35.2) 32.6) 30.8) 29.8 
21 2.14 . * | 44.9) 43.6) 41.1) 37.5) 34.8) 32.9) 31.9 
22 2.17 . * | 47.7| 46.4) 43.7) 40.0) 37.1) 34.9) 33.8 
23 2.19 " * | 50.3) 49.4) 46.6) 42.5) 39.5) 37.2) 35.8 
24 2.21 - * | 53.0) 52.3) 49:4) 44.8) 41.7) 39.3) 38.1 
25 2.23 ° * | 55.7| 55.2) 52.2) 47.5) 44.2) 41.7) 40.2 
30 2.34 ri 4 * | 70.2) 66.9) 60.9) 56.4] 53.4) 51.3 
40 2.51 a ° * (100.4) 98.4} 89.6) 83.2) 78.4) 75.6 
50 2.66 . ; , 133.0/132.5/121 .0'112. 5/106 .0)102.5 





* The first number of tubes shown for any @ is the maximum to 
be used. 


For values of 6 from 3 to 25, Table I shows the number of tubes 
on each side of u that may be included in the analysis, according 
to the value of K, while meeting this requirement. 


Parameters of Distribution 


If the distribution is fitted by the normal approximation, then 
in Equation 8 6 should be positive, 7, negative, and both 0 and 
¢ should be equal to zero. In this case, since the maximal value 
of In f(i) in Equation 6 is ati = yu, u may be estimated by setting 
the first derivative of Equation 6 equal to zero, and solving for i. 
This procedure yields, as an estimate of p: 


m= —B/2y (9) 


Even when @ and ¢ are not equal to zero, Equation 9 yields a 
good approximation to the true mode of the distribution (11)2 
In addition, the approximate value of @ may be estimated as: 


62 = —1/2y (10) 


If the values of the solute are distributed according to the 
binomial distribution (with K constant), these two estimates 
should agree with the values expected from the definitions in 
Equation 4. The value of K may be estimated from # where 


omtt and xu 2 (11) 
n+1 


p i-? 
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The calculations and working formulas for the estimates and 
their standard errors will be illustrated below. 


STATISTICAL ANALYSIS 


Assumptions 


The statistical analysis does not include an assumption that 
the observed distribution conforms to the theoretical binomial 
but provides a test of this hypothesis under suitable conditions. 
The only assumptions involved in the basic analysis concern 
the nature of the “error,” i.e. of the deviation of individual 
points from the fitted polynomial curve. An important source 
of this deviation is the effect of all the manipulations to which 
the material is subjected after the transfers have been completed, 
and which will be called “measurement error.” Define y; as 
logio of the concentration observed in tube 7 (yi = In Y;/ 
2.30259). Then the analysis embodies the following assumptions: 

1. That an observed y; may deviate from the expected value 
defined in Equation 8 by an error ¢; which may be positive or 
negative. The average value of the e; is zero and the average 
value of the squares of the e; is defined as o?. All tests of signi- 
ficance and standard errors of estimates are based on the ob- 
served value (6%) of the mean square deviations from the fitted 
line. 

2. That the value of any ¢; is independent of 7. This assump- 
tion for logarithms implies that the relative (per cent) measure- 
ment errors are equal for the tubes analyzed. 

3. That the value of an individual e; is random and indepen- 
dent of the value of any other e;. 

4. That the e; are distributed normally. 

These assumptions are similar to those made in any statistical 
analysis. Although they need not be literally true in all cases, 
important deviations from them may invalidate the analysis, 
as will be discussed later. 


Computations 


The y; aresubmitted to an analysis of variance with orthogonal 
polynomials, which are mutually independent functions of the 
successive powers of 7 (12). Published tables of these functions 
(13) are available for those instances where the analyzed tubes 
are equally spaced. For other cases, they may be constructed 
from published formulas (14). 

Assume that the values of y; for a total of r equally spaced 
tubes are to be analyzed, and the interval between the tubes is 
h. The first tube analyzed is numbered j + h and the last 
j + hr. Give each tube a code number x = (i — j)/h and let 
% = (r + 1)/2 be the mean of the coded tube numbers. Let 
Z, designate the orthogonal polynomial that applies to the “g’’th 
power of 7 and A, a constant introduced to make each Z, into an 
integer. Then the Z, referring to the first four powers of 7 are 


(12): 
r+ ‘) 
2 


" r?— 1 
Z2 = 2 [ — #)?—- ("3") 
Z; =>s [« — Z3—- (eS ’) (x — 2 | 


3r? — 13 3(r? — 1)(r? — 9) 
Mn me 





i= mle — 2) = (2 - 


(12) 





A= ne — 2 
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Published tables of Z, for different values of r also include the 
corresponding values of \, and of 2Z,? which are required for the 
computations. 

As shown below, the calculations provide: 

1. A test of the significance of each successive term in the 
polynomial equation. 

2. Estimates of the coefficients, when significant, of the curve 
in Equation 8: 

The equation is estimated first in the form 


Y = A + BZ, + CZ, + DZ; + EZ, 


where A = mean log Y of the values included in the analysis 


B = 2yZ,/2Z? 
C = 3yZ2/2Z2 
D = 2yZ;/2Z37 (13) 
E = 2yZ./2Ze 


In many applications, Equation 13 is used directly by inserting 
the values of the Z, which correspond to a given 7. As shown 
below, however, it may be transformed into terms in In and i 
when desired. 
3. An estimate (&) of the “measurement error” in the data. 
4. Estimates of u, of 6? and of their standard errors. 


50-Transfer Distribution of Estrone Methoxime 


The data obtained from the spectrophotometric determinations 
of the 50-transfer distribution of estrone methoxime are shown 
in Fig. la. To select the range of tubes to be included in the 
statistical analysis, an initial estimation of the distribution 
parameters K and @ was made. The peak tube (Im) was No. 
27, giving, from Equation 2: 


1.22>K2>1.12 and @~3.6 


By interpolation in Table I, the analysis should be based on 
tubes 27 + (1.36) (3.6), z.e. on the values for tubes 22 to 32. 
Table II shows the coded numbers (zx) of the 11 tubes in the 
analysis, and the coded values y = log ug — 2.500 as well as 


TABLE II 
Calculations for fitting estrone methoxime data to polynomial curve 
t = 21+ 6 = 27;A = 0.375 + 2.500 = 2.875; B = —1.011/110 = 
—0.00919; and C = —14.307/858 = —0.01667. 























| 
Tube = rs ~~ * | eS 

| == | | 
i “af, Y y | 2: Zs Zs Z 
22| 1 | 465| 0.168 | —5 +15 | -30 | +6 
23 | 2 | 665 | 0.323 | —4 +6.) 46) = 
24/| 3 | 835 | 0.422 ong -1 | +93 | 8 
25 | 4 | 936| 0.471 i —6 | +23 | -1 
26 | 5 |1084| 0.535 ang —-9 | +14 | 44 
a7 | 6 {1093 | 0.539 0 —10 0 | +6 
28 | 7 |1059| 0.525 +1 -9 | -14 | +44 
29 8 | 904/ 0.456 +2 -6 | -23 | -1 
30 | 9 | 738| 0.368 +3 =4 | ~ap.] 
31 | 10 | 552] 0.242 +4 +6 —6 | —6 
32 | 11 | 372 | 0.071 +5 +15 | +30 | +6 

i= 6 ig = 0.375| 222. 110 858) 4290] 286 
| hy 1 1} 5/6 1/12 
| ZyZ. —1.011|—14.307|—0.751|—0.149 
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TaBLeE III 
Analysis of variance on estrone methoxime data 
R? quadratic (4)/(1) = 99.67. o? = Mean square residual after last significant regression = 0.000104 (8 d.f.); ¢ = 0.0102. 
Formulas Calculations 
Source of variation Paes Di 8 : 
=a df ss Mean square | Variance P(F) 

cS we neeraars 2) PAN Seen Sere r-—1 (1) = Sy? — (Zy)*/r 10 0.248687 
Wittne @ (meee)... ...-. 05sec ccs 1 (2) = (ZyZ,)2/2Z;? 1 0.009292 
Fitting C (quadratic)............... 1 (3) = (2yZ2)2/ZZ2? 1 0.238567 
Linear plus quadratic (B + C)...... 3 (4) = (2) + (8) 2 0.247859 | 0.123929 1192 <0.001 
Residual from quadratic............. r—3 (5) = (1) — (4) 8 0.000828 | 0.000104 
Fittings DP (GWG). 6. 6s BOHR 1 (6) = (2yZ;3)2/2Z;* 1 0.000131 | 0.000131 1.32 >0.10 
Residual from cubic................. r—4 (7) = (5) — (6) 7 0.000697 | 0.0000996 
Fitting 2 (quartic).................. 1 (8) = (SyZ.)?/ZZ2 1 0.000078 | 0.000078 <1.00 >0.10 
Residual from quartic............... r—5 (9) = (7) — (8) 6 0.000619 | 0.000103 

* Mean square is the corresponding SS divided by the d.f. 
the appropriate Z,. The coding simplifies the calculations and LOG 
calls only for later correction of the means as shown in the table. +0.3- ) 

The analysis of variance of the data in Table II is shown in +0.2 Lt 
Table III. The significance of the coefficients in the polynomial tort! 
equation was tested consecutively by the “variance ratios’’‘ desig- Me H 
nated as F in Table III. The significance of B, the linear co- < T TT 
efficient in Equation 13 is not tested separately because its value, -O.1+ ‘ 
which may be negative, zero, or positive, depends entirely on -_— 
the selection of 7 in the analysis. Therefore, a combined test of rm.) 
the significance of B and C was performed, as shown in Table LOG mg 1200 
Ill. The probabilities, P(F), for the variance ratios indicate erg 
that whereas these terms were highly significant, the cubic and : © LOG #9 _lioQ00 
quartic terms (D and E) were not. The significant coefficients 3.0/- 
calculated from Equation 13, gave: L g 4 800 

§ = 2.875 — 0.00919 Z: — 0.01667 Zs (13a) BE . 42) 

The curve may be plotted from this expression in terms of ae é X -| 600 
either actual weights (Fig. 1a) or log weights (Fig. 1b). Since Cs 0) af 
the curves are observed rather than theoretical, the values are | / q 7 400 
plotted as calculated from Equation 13a without reference to 1.079; § \ ‘ 
any theoretical tables. : P e| 200 

To convert Equation 13a into terms of actual tube numbers r * e 
we may substitute back from the definitions of the Z, to obtain: ol asst 1 J - i. - _ ie : om tade 


Collecting terms and noting that In Y = (2.30259) (logio Y), we 
obtain as estimates of the parameters a, 8, and y in Equation 6 
in order: 


a = 2.30259 {9 — (A1/h)7B + (Ao/h?) Cla? — h2(r? — 1)/12)} 
= —20.416 

b = 2.30259 [(A1/h)B — (2d2/h?)iC] = +1.845 

¢ = 2.30259 (A2/h?)C = —0.0384 


(14) 


Since 6 is positive’ and c is negative, and the cubic and quartic 
terms are nonsignificant, the data are consistent with Equations 
3 and 6. 


‘ These test the significance of a source of variation by the ratio 
mean square due to designated source/mean square residual. A 
variance ratio has two sets of d.f., namely those for the numerator 
and those for the denominator. Large values of F rarely occur by 
chance. The values of F that are exceeded with defined prob- 
abilities are tabulated in most statistical textbooks (13). 

5 As is clear from Equation 14, the calculations for b depend 
considerably on the values of C and of 7. 


Fie. 1. The observations and the fitted curve for the 50-transfer 
countercurrent distribution of estrone methoxime. The solid 
part of the curve includes the values of 7 used in the fitting; the 
dashed portion indicates extrapolated calculations (a) in terms of 
ug, (b) as calculated in terms of common logarithms, and (c) 
deviation of each observation from the fitted curve, in terms of 
logarithms. 


The other important statistic obtained from the analysis of 
variance is 6?, the residual mean square after the last significant 
regression term. In this case 6? = 0.000104, i.e. the residual 
mean square after the quadratic term. The square root of this 
term, ¢ = 0.0102 is an estimate of the relative “measurement 
error” in terms of logi. The value of ¢ may be appraised by 
noting that the antilogarithm (log-') of 0.0102 is 1.024. The 
estimate of o is therefore equivalent to estimating a “measure- 
ment error” of 2.4%, one which is reasonable in view of the 
method used. 


Estimates of Parameters—From Equation 9 and the relations 
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Fig. 2. Radioactivity data for the 1000-transfer countercurrent 
distribution of estrone-16-C™ in alternate tubes numbered 452 to 
548. The two sets indicated were tested separately after the dis- 
tribution was completed. The solid lines include the values of 7 
used in fitting the curves; the dashed lines indicate extrapolated 
values (a) the observed values, indicated by closed circles for 
Set 1, and by open circles for Set 2, (b) the deviation of each ob- 
servation in Set 1 from the fitted quadratic curve, in terms of 
logarithms, (c) the deviation of each observation in Set 2 from the 
fitted quadratic curve, in terms of logarithms, and (d) a curve 
showing the discrepancy between the two curves fitted to the data 
from Sets 1 and 2, respectively. 








defined above, » is estimated as m = —(A,:hB)/(2X.C) + 7 and 
therefore: 
UAB 
2rx2C 





m=m-it=— (15) 


In the example m’ = —0.00919/2(0.01667) = —0.276andm = 
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t +m’ = 27 — 0.276 = 26.724. With Equation 11, p = 
27.224/51 = 0.534and K = p/(1 — p) = 1.15. From Equation 
10 and the fact that (2.30259) \2C/h? = y, we have, for the esti- 
mate of @: 


6? = —h?/(2.30259)242C or (—0.217147 h*)/(A2C) (16) 
giving, in this example 
& = 13.03 6 = 3.61. 

Standard Errors of Estimates—Since the standard error of any 
estimate derived from this analysis is based on 6?, it has the 
same number of d.f. as has G?. The variances (standard error 
squared) of the coefficients in Equation 13 are: 


V(B) = 6/2Z;? 
V(C) = @?/2Z:? etc. 


and 


(17) 


Since m is a ratio, it does not have a variance in the usual sense 
(15, 16). In countercurrent distribution data however, V(C) is 
usually sufficiently small to justify the use of the approximate 
formula (16) for the variance of a ratio which yields: 





oe | Arh? — 4am’)? 
Vim) = —— | — 
(m) = 330: + 22 (18) 
In the example, 
Vim) = 0.000104 [ 1 , 4(0.276) we 
™ * 4(0.01667)? | 110 sins Se 


and the standard error, s.e. (m) = +/0.000885 = 0.030 tubes. 
The approximate standard error of p derived with similar res- 
ervations is: 


(19) 


1000-Transfer Distribution of Estrone-16-C™% 


Radioactivity data were obtained for the contents of every 
fourth tube in the range 452 to 550 (Set 1); the following day, 
observations were made on all the other even numbered tubes in 
this range (Set 2). The measured radioactivity per tube in the 
two sets is shown in Fig. 2a. Each point represents the mean of 
three determinations. The log c.p.m. from each set were ana- 
lyzed separately by the method described in the previous section. 
Table 1 was entered with J, = 503 (since the observed peaks 
were at 500 and at 506), and indicated that “the tails’ of the 
distribution would be sufficiently avoided if the analysis were 
based on tubes No. 503 + 32. The analysis was performed on 
the data for tubes 472 to 532 in the first set (r = 16) and for 
tubes 474 to 530 in the second set (r = 15) with the results shown 
in Table IV and Fig. 2. 

In each case more than 99% of the variation was accounted 
for by the linear and quadratic regressions (R?). Nevertheless 
the cubic terms were significant (P < .05) in both sets (indicat- 
ing slight skewing). The quartic term in Set 1 was also signifi- 
cant, although very small. 

If the cubic and quartic terms are ignored and m calculated 
from Equation 15, a small bias results (11). The estimates, 
derived in this way, are shown in Table IV. The effect of ignor- 
ing the terms in the higher powers of i was examined by com- 
paring expected values (y) calculated from the quadratic curves 
only, with those calculated from all significant coefficients. The 
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differences were inconsequential even beyond the range of tube 
numbers included in the analysis and there was no shift in the 
peak within the limits of error estimated. 

Since the cubic and quartic terms were ignored as described, 
the residual from the quadratic regression was used as 6? in 
calculating the standard errors in this analysis. Although s.e. 
(m) is considerably larger than in the methoxime example, s.e. 
(p) when calculated by Equation 19 is about one-fourth the 
magnitude in the estrone distribution. As shown below, these 
findings are largely explained by the difference in the number of 
transfers in the two distributions. 

Comparison of Estimates—These data provide an opportunity, 
albeit a limited one, for comparing the actual experimental vari- 
ation observed with the variation predicted by the formulas in 
the statistical analysis. Any bias in the estimates due to omis- 
sion of the small cubic and quartic terms should be similar for 
the two sets since they both come from the same distribution 
and cover the same range of tubes. An observed disagreement 
between the two analyses in Table IV arises from experimental 
errors made in the course of preparing the material for determina- 
tion of radioactivity, from counting error, or from a systematic 
change in the counter. Except for the last factor named, it is 
precisely these sources of variation that the statistical analysis is 
intended to estimate. 

The difference between two corresponding estimates (desig- 
nated as G and H) was evaluated by student’s ¢ test, namely by 
the ratio of an observed difference to its standard error. Since 
the measurement errors in the two sets of tubes were not cor- 
related, the standard error of a difference was computed as the 
square root of: 


V(@ — H) = V(@) + V(A) (20) 


The degrees of freedom for this comparison are approximately 
equal to the sum of the degrees of freedom of the two variances, 
or, in this case, (16 — 3) + (15 — 3) = 25d.f.6 The two m 
values and the two p values are compared in this way in Table 
V. 

Before the linear and quadratic coefficients were compared 
(17, 18), they were first transformed into equivalent functions of 
i. Since 7 = 502 and h = 4 in both analyses,’ it was sufficient 
to multiply each coefficient by the appropriate \ (as had already 
been done in Table IV) and then to compare the equations in 
terms of x = (¢ — 502)/4 as follows: 


y= o+nBe— 2) +n0[@-a- CO ¥) 


Since the variance of a statistic multiplied by a constant (e.g. \) 
is equal to the square of the constant times the variance of the 
statistic, we have: 

Aa? 


V(a.B) = A2V (B) = =Z2 


and (21) 


d2*o? 


Voud) = wV(C) = 








° The exact treatment involves pooling the two estimates of o? 
if they are not significantly different from each other, and recal- 
culating the variances of the estimates with the new pooled o”. 

7 More general methods for comparing two distributions will be 
illustrated in the following paper. 
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TaBLeE IV 
Radioactivity data from 1000-transfer countercurrent data of 
estrone-16-C\4; summary of analyses of two sets of tubes 
(h = 4 and i = 502 for both sets). 























Set 1 Set 2 
Be ae eee 4.866 4.878 
MIS OR Sa +0.00602 +0.00765 
Bete sS SRE —0.01175 —0.01245 
MR ds cidieotiess stke whee —0.000141 —0.000091 
Weed: bes wed perweres decay +0.000024 (p > 0.20) 
2. $8.0. (Mm)... 20. Leonie dons 503.02 + 0.16 | 503.23 + 0.12 
BE ccteaier winnnieny $k iene tame Ay 1.012 1.013 
ER AIEEE TF Tae I. 17.20 16.70 
o after quadratic. ............ 0.0168 0.0128 
Estimate of measurement er- 
ie bce eee sree I8 alec Ae, 4% 3% 
R? for linear and quadratic re- 
GARR. 22S SR 99.5% 99.7% 
TABLE V 
Comparison of estimates from two sets of tubes in estrone distribution 
Estimate Set 1 Set 2 Difference + s.e.* ? 
m 503 .02 503.23 —0.21 + 0.20 >0.30 
p 0.5030 0.5032 | —0.0002 + 0.0002 | >0.30 
1B +0.00602 | +0.00765 | —0.00163 + 0.00119} >0.10 
AC —0.01175 | —0.01245 | +0.00070 + 0.00030) <0.05 

















*The calculations for these standard errors were based on 
Equations 20 and 21. For illustration, the calculations for the 
standard error of the difference between the two A:C values are 
given here: 














Set 1 Set 2 
6? X 10 2.827 1.648 
=Z:? 5712 37 ,128 
Ae 1 3 
26? 
V(uC) = 4.949 X 10-8 3.994 X 10-8 
2Z.? 








The standard error of the difference between the two coefficients 
is therefore, 


10~* 1/4.949 + 3.994 = 0.00030. 


The calculations for the comparisons in Table V are illustrated 
in the footnote to that table. 

Only the difference between the two quadratic coefficients 
was significant (at p < 0.05) indicating that the spread of the 
distribution estimated by Set 1 was greater than that estimated 
by Set 2 although the two gave the same peaks. This difference 
was not found when the analysis was directed toward the c.p.m 
before correction for coincidence. 


DISCUSSION 


Most previously published methods for analyzing observed 
distributions without recourse to an assumed value of K are de- 
rived directly from the binomial distribution. An estimate of p 
based on the observed position of the peak tube (J,,) alone can 
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be made only within an irreducible range of size 1/(n + 1) since, 
from Equation 2: 


In +1 In 
—— > 
a¢i°’*© 





2+ 1 = 
Moreover, if J, is located incorrectly because of experimental 
errors, the estimate of p may be more grossly inaccurate, yet an 
estimate made in this way cannot be accompanied by an estimate 
of its standard error. 

Calculations utilizing observations on all measurable tubes 
and directed largely to an analysis of separation of mixtures 
include those of Bacher (19), and of Bland et al. (20), as well as 
Levi’s iterative solution (21) and Chang and Wotring’s method 
(22) of fitting a series of straight lines by eye. Weisiger’s solu- 
tion (23), based on the conventional normal approximation 
requires an arbitrary estimate of @ and places considerable 
weight on the observed value of Y at In. 

Unlike the aforementioned methods, the method of fitting a 
polynomial curve given here provides a description of the shape 
of an observed distribution and a procedure for testing the agree- 
ment between theory and experimental results or between two 
independent sets of data. Its validity and usefulness in the 
analysis of a single countercurrent distribution may be considered 
separately as regards “binomial” or “normal”’ distributions and 
as regards irregular distributions. 

In the case of “normal” distributions like the estrone meth- 
oxime example, the relatively laborious computations result in 
estimates of K or p similar to those obtained by simpler methods. 


TaBLeE VI 
Variances for selected estimates 




















Countercurrent Distribution Data. I 











Parameter Estimate 
1B WoC 7 
B b = 2202s | 5? - rr ] 
uC 
¥ © =2.30259 7 
on as Ode B a 2r2C o3: hy, B 
“i ab ., * ~ OneC 
“2 
Pe be 
p= bide 
P “ntl 
Variance of estimate 
12(2.30259)%02 60(z)? 
6 Seer ltt sera | 
180(2.30259)%o2 
” hér(r? — 1) (7? — 4) 
120? 1 60(m’)? 
2, es ae BR nck ead BOF 2 
. 4¥ E - 5 | E + he(r? — 5 | ae 
V(m) 
s (n + 1)? 
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The main advantages of the method in this example are: (a) the 
ability to obtain these estimates without having to make ob- 
servations on every consecutive tube in the measurable part of 
the distribution; (6) the opportunity to test the “fit” of the 
normal distribution in the part of the curve defined in Table I; 
and (c) standard error estimates which are useful for comparisons 
with other distributions. 

These advantages must be appraised in relation to the possible 
bias involved in using the quadratic equation to estimate uw and 
p. The assumption that this bias is negligible within the range 
of tubes indicated in Table I has been tested by analyzing pro- 
gressively more central parts of several sets of theoretical ‘‘ob- 
servations” calculated for several binomial distributions? as well 
as by the analysis of some 16 experimental distributions (24). 
In some markedly skewed distributions, the cubic and quartic 
terms in the regression equation changed considerably when a 
larger part of the “tails” was included in the analysis, but the 
estimates of u and of p changed very little in any of these analy- 
ses. 

When a distribution is definitely irregular, it is presumably not 
the result of equilibration with a constant K. In such a case, 
the method of fitting a polynomial curve provides a description 
of the final distribution and of the extent of its deviation from 
theory. 

The estimates of the standard errors and the tests of signifi- 
cance depend on the assumption that ¢ is a valid estimate of 
independent normally distributed measurement errors. If these 
errors are correlated, the true standard errors are underestimated 
by the formulas given and spurious significance may be found 
for small deviations from the quadratic equation. Such under- 
estimation of o would result from correlated errors in successive 
tubes, a phenomenon known as “serial correlation.” 

Serial correlation may be produced in certain chemical anal- 
yses when the tubes are handled in a systematic, consecutive 
order and replicate aliquots are analyzed together. In such 
situations, experiments have shown (24) that this result may be 
avoided by handling all aliquots in a random order. 

The methods used in calculating concentration of a solute 
from the actual observations (e.g. of absorbancy) may also af- 
fect the e;. For example, experimental errors in a correction 
for “‘blanks’’ will have a larger relative effect on observations 
with a low concentration than on those of high concentration. 
Also, if the estimate of concentration is based on a “standard 
curve,” experimental errors in this curve affect estimates near 
the mean value for standards differently than high or low esti- 
mates. Both of these factors would lead to serial correlation as 
well as to unequal “measurement errors” for different tube num- 
bers. The effect on the estimates of ¢ would in most cases stem 
mainly from the serial correlation, since minor inequalities of the 
error do not interfere appreciably with the validity of the anal- 
ysis (25). Generally, the effect of such chemical estimating 
procedures on the statistical analysis may be appraised by ana- 
lyzing the logarithms of the actual observations such as ab- 
sorbancy, rather than of the derived or calculated concentrations. 

The foregoing suggests a need for caution in the interpretation 
of analytic results. Although not unique to this situation, the 
need for caution is perhaps more striking here because the coun- 
tercurrent distribution procedure and the methods of measure- 
ment combine to produce an experimental method of great pre- 
cision. As a result, the statistical analysis yields a powerful 
tool for the detection of relatively small discrepancies. 
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Choice of Tubes in Analysis 


The precision of experimental estimates of 8, , u, or p is af- 
fected by the number (n) of transfers in a distribution, by the 
mean tube number in the analysis (2) and by the intervals (h) 
between the tubes whose contents are analyzed, as well as by the 
experimental methods of measurement. 

From the construction of the orthogonal polynomials and from 
Equations 17 and 21 it can be shown (12) that 


120? 
V(u.B) = 7e-D 


1800? 
r(r? — 1)(r? — 4) 


(23) 
V(rc) = 





Table VI shows the expected variances of b, c, m, and Pp as de- 
rived from Equations 11, 14, 15, and 23. All of these variances 
are inversely proportional to h’r (r? — 1). Define N = hr and 
substitute N/h for r. The variances are then directly propor- 
tional to h/N(N? — h?) or approximately to h/N*. N is limited 
by the restrictions indicated in Table I. 

It follows that modification in experimental design may have 
the following effects: (a) o? is the true measurement error which 
may be decreased by improvements in technique and by making 
several measurements of the contents of any tube, so that Y; 
will be a mean of several measurements. (6) If 7 is chosen close 
to u, then B and m’ approach zero, and the last expression affect- 
ing both V(m) and V(f) approaches zero. (c) If N is increased, 
the variance decreases rapidly. N increases with 6 which in- 
creases directly with Wn +1. (d) Asa result of the relation of 
N to 6 and to K (Table I), a value of K that is close to 1 allows 
N to be increased. (e) Within a fixed range of N, the variances 
are proportional to h and the standard errors vary as WV h. 
Therefore, a decision, for example, to measure every second tube 
instead of every tube will double the variance of each estimate in 
question, or increase its standard error by a factor of V/2. (f) 
V(m) is proportional to 1/y? or approximately to (26?)?. 
Since @ = (n + 1)K/(K + 1)?, the standard error of m in- 
creases directly as n + 1. On the other hand, since s.e. () = 
s.e. (m)/(n + 1), this particular effect of changes in n cancels 
out with respect to the standard error of the estimate of the im- 
portant parameter, p. 

In summary, therefore, the standard error of the most impor- 
tant estimate, namely , is decreased by decreasing measurement 
error, by a good guess at the peak tube with the resultant statis- 
tical analysis of tubes distributed symmetrically about the peak, 
by increasing the number of transfers, by keeping K close to 
unity, and by decreasing the interval between tubes measured. 


SUMMARY 


A satisfactory statistical method for the analysis of data ob- 
tained from countercurrent distribution studies will provide an 
objective test of the adherence of the experimental results to the 
theoretical expectation for a pure compound, objective estimates 
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of the parameters of the distribution and of their standard errors, 
and a means of comparing several distributions. For distribu- 
tions where @ > 3, the method of fitting a polynomial curve to 
the logarithms of the observed concentrations meets the last two 
objectives. It also meets the first objective if the analysis is 
limited to the central portion of the distribution. A table de- 
fining the “central portion” for these purposes was presented. 
The method and some of its applications were illustrated by two 
distributions of previously purified steroids. The analysis pro- 
vides a powerful test of minor discrepancies and therefore makes 
it mandatory to examine “measurement error’’ with great care. 
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The procedure of the preceding paper (1) is here extended to a 
statistical treatment of radiochemical purity in countercurrent 
distribution studies. The countercurrent process is especially 
applicable to the examination of the radiochemical purity of a 
compound because large numbers of transfers can be applied 
successively, thus increasing the possibility of detecting small 
amounts of impurities which may have closely similar partition 
characteristics. Radiochemical impurity is obvious when the 
slope of the curve of the logarithm of specific activity versus tube 
number is significantly different from zero (2). When incom- 
plete separation has been effected due to close similarity of parti- 
tion coefficients, or when no separation has occurred since radio- 
chemical purity has been achieved, the use of the presently 
described statistical procedure increases confidence in the inter- 
pretation of the data. 

Detailed procedures for two circumstances are illustrated; 
first, where identical tubes were examined by different analytical 
methods; and then, where different tubes were used. In the 
first case, radiochemical purity is studied in a 1000-transfer 
countercurrent distribution of purified estrone-16-C™ and in a 
50-transfer distribution of estrone glucosiduronate of known im- 
purity. Finally, the radiochemical purity of tritiated triam- 
cinolone (9a-fluoro-118 , 16a ,17a,21-tetrahydroxy-1 ,4-pregna- 
diene 3, 20-dione) is examined. 


EXPERIMENTAL PROCEDURE 


Materials 


Methyl (17-oxo-A!.3.50°-estratrien-3-yl-2 ,3 , 4-tri-O-acetyl-B- 
p-glucosid)-uronate was prepared by the procedure of Schapiro 


* This work was supported by grants from the National Insti- 
tutes of Health, the American Cancer Society Inc., and the Jane 
Coffin Childs Memorial Fund for Medical Research. This is 
Publication No. 1018 of the Cancer Commission of Harvard Uni- 
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L. Engel, Huntington Laboratories, Massachusetts General Hos- 
pital, Boston 14, Massachusetts. 

t Present address, Department of Biostatistics, University of 
Pittsburgh, Pittsburgh 13, Pennsylvania. 

t Predoctoral Fellow of the United States Public Health Service 
from 1956 to 1959. Present address, Department of Chemistry, 
Harvard University, Cambridge 38, Massachusetts. 

§ Permanent Faculty Fellow of the American Cancer Society. 


(3). Examination by infrared spectroscopy and by paper chro- 
matography did not reveal detectable contamination by estrone 
or estrone acetate. The compound was deacetylated with bar- 
ium methoxide, and the resulting methyl ester hydrolyzed with 
a 10% excess of aqueous KOH. Estrone glucosiduronic acid 
(17-oxo-A!|3, 509 estratrien-3-yl-8-p-glucosiduronic acid) was ob- 
tained after cation exchange (Dowex 50-H+). No impurities 
were found when the preparation was subjected to paper chro- 
matography in several solvent systems (4). Carrier estrone 
glucosiduronic acid was added to a conjugated C-labeled estro- 
gen fraction that had been extracted from the plasma of a woman 
to whom estradiol-4-C™“ had been administered. The mixture 
was chromatographed on alumina (5) to separate estrogen sul- 
fates and glucosiduronates. The glucosiduronate fraction was 
partially purified by partition between n-butanol and aqueous 
5% acetic acid. The butanol phases were evaporated in a vac- 
uum and the residue subjected to a 100-transfer countercurrent 
distribution in the solvent system sec-butanol-aqueous 0.1 N 
NH,OH. Three distinct regions of radioactivity were obtained, 
and material from the center one, corresponding to that of the 
carrier estrone glucosiduronate, was combined. This fraction 
contained 1400 c.p.m. 


Methods 


The 1000-transfer distribution, with recycling, of estrone-16- 
C™ has been described (1). The amounts of estrone in aliquots 
of tubes 452 to 550 were measured in triplicate by the photo- 
fluorometric method of Slaunwhite et al. (6) with a Farrand 
fluorometer. The samples for each set separately and triplicate 
standards were arranged together in a random order before the 
development of fluorescence. 

The purified C-labeled estrone glucosiduronate fraction 
described above was subjected to a 50-transfer distribution in 
the solvent system sec-butanol-aqueous 0.1 Nn NH,OH. The 
contents of tubes 16 to 41 were evaporated in a vacuum from 
the frozen state. The residues were dissolved in methanol and 
aliquots were analyzed for estrone glucosiduronic acid by the 
photofluorometric method. Determinations were also made of 
the total radioactivity in these tubes as previously described (1). 

The 2000-transfer distribution, with recycling, of tritiated 
triamcinolone was assayed for radioactivity and the weight was 
estimated by blue tetrazolium reduction (7). 
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Notation 


The terms defined in the preceding paper (1) will be used with 
the meanings given there. In addition, the following symbols 
are added. 


v, v’ General subscripts as in yi, to denote data or statistics 
from different indices of the concentration (e.g. radio- 
activity or weight) of a solute after completion of a 
countercurrent distribution. If only one subscript is 
used as in y» (or y:1) it is the 7 subscript which is omitted. 

ei2 The correlation coefficient between the residual error 
terms of y; and y2. 

oi2 The covariance of y; and y2, where o12 = pi2cice. 

yo  Logio of the specific activity: yo = yi: — y2, where v = 1 

designates measurements of radioactivity and v = 2 desig- 
nates measurements of weight. The subscript » will iden- 
tify any statistics referring to yo. 


THEORETICAL 


The study of radiochemical purity in countercurrent distribu- 
tion data depends on a comparison between the observed dis- 
tributions of an isotopically labeled substance and of deter- 
minations that are proportional to the weight of the unlabeled 
material. It is assumed that the radioactive substance is pres- 
ent in a concentration too minute to affect the weight estimates. 
The methods of comparing two distributions vary in computa- 
tional details according to whether radioactivity and weight de- 
terminations have been made on identical tubes or on different 
tubes from the same countercurrent distribution. 


Determinations on Identical Tubes 


(a) Direct Statistical Analysis of Specific Activity—If the two 
distributions are identical, the specific activity (S.A.) in all the 
tubes should of course be constant within the limits of experi- 
mental error of the determinations of radioactivity and weight. 
The log S.A. may be fitted to linear and quadratic regressions 
exactly as has been demonstrated (1) for the logarithms of the 
observations themselves. If neither linear nor quadratic regres- 
sions are significant, the data show no evidence of impurity. 
The antilogarithm of the mean log S.A. is the geometric mean 
of the S.A., and the standard error of the log S.A. may be used 
to estimate the standard error of the geometric mean (8, 9). 

When the two distributions represent two distinct substances 
each distributed binomially, the logarithm of the ratio of their 
concentrations is, by Equation 1:1 


log Ti1 — log Ti2 = n log (K2 + 1)/(Ki + 1) + (log Ki/K2)i (24) 


Therefore the log S.A. should be a linear function of 7 if log 
K,/K is not equal to zero? (i.e. if Ki # Ke), and a significant 
linear trend without significant curvature (quadratic regression) 
provides strong evidence. of contamination or nonidentity (2). 

When more than two substances are present the log S.A. may 
show significant curvature. The presence of appreciable curva- 
ture may nullify the value of studying the linear regression, 
which is now entirely dependent on the position of the analyzed 
tubes in terms of the quadratic curve. 


1 Reference will be made to equations in the preceding paper 
by the numbers given there, and the equations in this paper begin 
with Equation 24. 

* It has been pointed out, by a referee that this relation should 
hold, despite errors of transfer and sampling, whenever two 
solutes can be determined separately, for example by reading 
absorption at two wave lengths. 
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(6) Analysis of Covariance of Distributions—In many cases, it 
may be preferable to replace the analysis of log S.A. by an anal- 
ysis of covariance of the logs of the two sets of observations, 
which gives more information. 

Let Y, represent the c.p.m. and Y, the weight as determined 
in each of r tubes after a completed distribution involving n 
transfers. Analysis of their logarithms (y; and yz) by the meth- 
ods previously described will yield A.B,C., etc. (where » = 1 or 
2) by Equation 13! and estimates m, by Equation 15 of u; and 
Me, from which p = K/(K + 1) may be estimated. 

On the assumption of constant partition coefficients, the dif- 
ference between the peaks, i.e. m, — ms, and its standard error 
may be estimated. This comparison is especially important be- 
cause the m values refer primarily to the central parts of the 
distributions where the effects of minor contaminants should be 
at a minimum. When there is no significant evidence of dis- 
placement of the radioactivity peak, the standard error of m, — 
mz indicates the strength of this evidence of radiochemical pu- 
rity. 

For this comparison, the formula given in Equation 20 for in 
dependent observations does not apply, since data obtained from 
identical tubes are often correlated. In comparing two corre- 
lated statistics, G and H, it is necessary to use the more general 
formula for the variance of the difference between them: 


V(G — H) = V(G) + V(A) — 2 Cov. (G, H) (25) 


in which Cov. (G, H) represents the covariance between the 
statistics. 

In order to calculate the covariance of any two estimates, it 
is necessary to estimate o12, the covariance between y; and y2, 


by the methods given below. Then the covariance of m; and 
me is 





Cov. (mym2) = 


Nout | (26) 


4r7C,C, | 2Z2 =Z.* 
The standard error of m, — m, is therefore the square root of: 
V(mi — mez) = V(m1) + Vim) — 2 Cov. (mime) (27) 


in which V(m,) and V(mz) are calculated from Equation 18 and 
Cov. (mym2) from Equation 26. 
Another, equivalent expression for the above is: 


AZA? o? a2? 212 
Vom ~ 00) © ooeeP E “or 2e | 


(28) 
= | see (m2')*o2? a Zodieeies 





=Z2? Cc? C? C,C2 


It is also possible, from the results of this analysis, to obtain 
the information given by a direct analysis of the log S.A. The 
coefficients of the two curves are compared as follows (10): 


log ¢.p.m.: J: = Ai + BiZi + C:Z2 + DiZ; + -:- 
log weight: #2 = Az + BoZ; + C2Z2 + DoZs + --- 
log S.A. = 91 — J2 = (Ai — Az) + (Bi — B2)Z1 
+ (Ci — C2)Z2 + (Di — D2)Z3 + -:- 





3 Since the analyses have been performed on identical tubes the 
values for \, and for Z, are identical in these distributions. 
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Fig. 1. The 1000-transfer distribution of estrone. The data 
included in the analyses (tubes 472 to 532) are shown in the lower 
part of the figure and the log specific activity for the same tubes 
is shown in the upper part. 


in which 
hi age UB — Yo 
(29) 
Ai — Az = Ao ete. 
Moreover, the residual variance (oo?) in the analysis of the log 
S.A. (yo) is identical with the variance of y:—y2, t.e. 


oo? = a1? + a2? — 2or2 (30) 


The standard errors of the coefficients in the equation for yo 
are the square roots of the variances: 


Difference Variance 

Ai — Ae (01? + o2? — 2o12)/r = o0*/r 

Bi — B: (01? + a2? — 2012)/2Z1? = o?/EZ 1? 
Ci-C, (a1? + o2? — 2012)/2Z2? = oo?/ZZ2? ~— (31) 
D, — Dz (01? + o2? — 2012)/2Z3? = o?/ZZ3? 

E, — E2 (12 + o2? — 2o12)/EZ42 = oo?/2Z2 


Determinations of Radioactivity and Weight Made from Differ- 
ent Tubes—In this case, the statistics are not correlated. The 
difference between the two peaks (m, — mz) is evaluated in terms 
of Equation 27 with Cov. (mymz) = 0. 

The equations for the 9, have been calculated in terms of the 
orthogonal polynomials Z, which are nonidentical functions of 7 
for the two y,._ Both equations may be transformed into terms 
of X = i — w where w may be any convenient value of ¢ between 
zero and n. By definition (1), the polynomial expression is: 


Y=A+ABG — Dh + AC[(i — 72h? — (r? — 1)/12] 
=A+d,Bh"'[X — (i — w)]) (32) 
+ ACh [X — (t — w)}? — h2(r? — 1)/12} 
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After terms in each power of X are collected, this yields: 

y =a’ + b’X + c’X? 

a’ = A — ),Bh"(3 — w) + A2Ch-[(t — w)? — h2(r? — 1)/12] 

b’ = \, Bh" — 2d.Ch-*(7 — w) 

c’ = Ch 

By Equations 20 and 21, the variances of these coefficients are: 
APA=*(7 — w)? 


/_ —1 
V(a’) |r + Zi 





Pi AZhA—“[(Z — w)? — AAXr? — ol 
>Z 
(34) 





Vib) =e? 
=< = DZ? 


F 2h 
“ ) re . | =| 


1000-Transfer Distribution of Estrone-16-C™ 


Fig. 1 shows the data and the log S.A. obtained in this dis- 
tribution in tubes 472 to 532. Both an analysis of variance of 
yo and an analysis of covariance of the data themselves will be 
illustrated in detail from the observations made in Set 2 in the 
range? = 474 toi = 530, withh = 4,j = 470, andr = 15 (Ta- 
ble I). 

Analysis of Log S.A—The analysis of variance of the y is 
shown in Table II. The linear regression (Bo), tested by the 


Ah? 4h (i - i 





RESULTS 


TABLE I 
Data used in computations for estrone distribution 





| l 
Tube No. | ,Coded | Log c.p.m 

















| | 
| tube Ne, | 4.000 | Log ug Log S.A. —3.000 
i li — 470)/4 y1 | y2 yo = y1 — y2 + 1.000 
474 | 1 0.459 | 0.700 0.759 
478 | 2 0.615 | 0.857 0.758 
482 3 | 0.768 | 1.019 0.749 | 
486 4 0.867 | 1.156 0.711 | 
490 5 0.961 1.257 0.704 | 
494 6 1.033 1.339 0.694 
498 7 1.083 1.395 0.688 
502 8 1.109 1.379 0.730 
506 9 1.137 1.411 0.726 
510 10 1.083 1.366 0.717 
514 11 1.021 1.329 0.692 
518 12 0.948 1.254 0.694 
522 13 0.830 1.114 0.716 
526 14 0.708 0.946 0.762 ' 
530 15 0.547 0.723 0.824 
Sum 120 13.169 17.245 10.924 : 
Mean 8 0.8779 1.1497 0.7282 
A = decoded mean.| 4.8779 1.1497 3.7282 
Re co eee +0.00765 | +0.00660 | +0.00105 (N.S.)* 
ee Se —0.00415 | —0.00473 | +0.00057 
AAA eee | —0.000131 | —0.000299 | +0.000168 (N.S.)* 











*N.S. p > 0.05. 
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TaBLeE II 
Analysis of variance of log S.A. (yo) (estrone distribution) 
Source of variation DF. Ss Mean square F ?(F) 
WE ee aoe 14 | 0.019019 
Witune Ga... -:..-: 1 | 0.000309 0.21 | >0.50 
Residual after fit- 
Oe Malek. ek 13 | 0.018710 | 0.0014392 
Fitting Co...........| 1 | 0.012217 22.58 | <0.001 
Residual after fit- 
ee a 12 | 0.006493 | 0.0005411 
Fitting Dé... .....5: 1 | 0.001124 2.32 | >0.10 
Residual after fit- 
CME TN GS 66.58 dase 11 | 0.005369 | 0.0004809 

















variance ratio or F test, was not statistically significant. The 
curvature of the log S.A. in Fig. 1, which reflects increased S.A. 
in both tails of the distribution was highly significant when tested 
by the term for Cy (quadratic regression). An equation indicat- 
ing the change in S.A. with increasing absolute values of (i — 
502) /4 may be calculated as will be shown below. 

Since the position of the two curves cannot be directly com- 
pared in this analysis, the finding that the S.A. was greater to- 
ward both tails of the distribution is the only conclusion to be 
drawn from this analysis. 

Analysis of Covariance.—Table III shows the formulas for 
calculating the terms in Table IV, namely the sums of squares 
(SS) of the y: (coded log c.p.m.) and of the yz (coded log ug) 
and the sums of products (SP) of these variables. 

In the analysis of products, the mean residual term after fitting 
each regression term is the covariance (612) of the deviations of 
the y, around their respective curves. Its value in Table IV, 
after fitting the quadratic terms (C,) is G12 = 0.000897. The 
correlation between the deviations from the quadratic curves is: 


pis = Gi2/6162 = 897/+/(1648) (5556) = +0.30 


a value that is not significant with 12 d.f. 

It should be pointed out that the analysis of products, unlike 
the analysis of variance (squares) may have negative terms. In 
this example, after the SP for the cubic terms is removed, the 
residual covariance is negative, indicating that the (nonsignifi- 
cant) correlation is now negative. 
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TaBLe III 
Computations for analysis of covariance 
(data from estrone distribution) 
v1 yy? ys 
(1) Sy 13.169 17.245 
(2) Zyeyor* 12.219975 | 15.883714 | 0.674057 
(= e) (= eo’) 
oe 11.561504 | 15.139960 | 19.826002 
(2) — (3) 0.658471 | 0.743754 0.848055 
yZ, 42.142 41.848 
z SyvZ 
GySu) Buchs) 0.016386 | 0.014137 0.012197 
SZ, 
EyZs ~ 154.162 ~175.460 
(ZyZ2) (Zyv'Ze) 
Sek) Swe 0.640108 | 0.728541 0.829191 
SZ 
EyZs ~5.219 ~11.906 
(SyZs) (Zyv'Zs) 
ee 0.000685 | 0.001562 0.003563 














* The expression y,y»’ includes the case where v = v' (y,y' = a 
square) and v ¥ v’ (y,y," = cross product). 


The purpose of the analysis of covariance is to obtain informa- 
tion about the parameters of the two y, distributions while de- 
riving an estimate of o12 to allow comparisons of the results. 

Although more than 99% of the variation in each distribution 
was accounted for by the quadratic regression (R? in Table IV), 
there was significant (p < 0.05) skewing (cubic regression) in 


both instances. 


Both the c.p.m. and the wg curves therefore 


showed some departure from the ideal Gaussian curves. 

If the skewing is ignored, the m, calculated by Equation 15 
are: for the log c.p.m. (m) = 503.23; and for the log ug (m2) = 
502.93. The difference (0.30 tube) between these values has a 























TaBLe IV 
Analysis of variance and covariance (estrone distribution) 
Squares Products Squares 
Source of variation D.F. 
ss | Mean SP Mean Ss Mean 
v1 yiy2 y2 

Ee ot es 14 0.658471 0.743754 0.848055 
Witting B..... 2.025 1 0.016386 0.014137 0.012197 
WANNA ho sicks sc. ct 1 0.640108* 0.728541 0.829191* 
Residual after fit- 

ting Band C...... 12 0.001977 0.0001648 0.001076 0.0000897 0.006667 0.0005556 
Witting DB. ............... 1 0.000685* 0.001562 0.003563* 
Residual after fit- 

WE OR aieixis scan 11 0.001292 0.0001175 —0.000486 —0.0000442 0.003104 0.0002822 
R? quadratic........ 99.7% 99.2% 

















* Significant at p < 0.05. 
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standard error, calculated by Equations 27 or 28, of 0.20 tube, 
and is not significant. With a standard error of 0.20 tube, a dif- 
ference of even 1 tube in this 1000-transfer distribution would 
have been highly significant. A shift of one tube would be due 
to a difference of 1/1000 = 0.001 between the values of p = 
K/(K +1). 

From this analysis of covariance, it may be estimated with 
95% confidence, that the “true” distance between the two peaks 
lies between —0.14 and +0.74 tubes. The larger absolute value 
corresponds to a difference between the two p values, of 0.0007. 
Despite the significant difference at the tails of the distribution, 
this suggests that the radiochemical purity of the estrone-16-C™ 
could be established by pooling the material in the region of 
+1.5 6 and performing a further countercurrent distribution. 

The identities shown in Equations 29 to 31 may be verified 
for this example from Tables I, II, and IV (with minor discrep- 
ancies due to rounding). The significance of B, — Be or of 
C;, — C2 may be calculated directly from Equation 31 without 
use of Table II, and will give the same results. An equation for 
predicting the log S.A. which incorporates only the significant 
term C5 is: 


Yo = Yi — Y2 = (Ai — Az) + (C1 — C2)Z2 = Ao + CZ 


Since when r = 15, Z2 = 3{(i — 7)?/16 — (224/12)}, the pre- 
diction equation becomes: 


; — 502)? 
fo = 3.7282 + 0.00171 eames — 0.0319 


; — 502)2 
= 3.6963 + 0.00171 on : 


Comparison with Data from Set 1—The data from Set 1 were 
analyzed in a similar fashion. Some of the results of both anal- 
yses are compared in Table V. The small, now negative, differ- 
ence of —0.27 tube in m; — mz was again not significant. The 
other statistics from the two sets agreed well, except that the 
spread of the log c.p.m. (6;) was even greater in set 7 than in set 
2. It may be noted that 6, agreed well in both cases with the 
theoretical value for a binomial distribution with K = 1.01. 


50-Transfer Distribution of Estrone Glucosiduronate 


Determinations of radioactivity and weight were made in 
tubes 19 to 39 of this distribution (Fig. 2), and an analysis of 
covariance was performed on the central values. The observed 


TABLE V 
Comparison of estimates from sets 1 and 2 (estrone distribution) 








Set 1 Set 2 

m,(log ¢.p.m.) 503 .02 503.23 
m2(log ug) 503 .29 502.93 
m, — Me —0.27 +0.30 
s.e. (my, — M2) 0.33 0.20 
3 1.012 1.013 
R; 1.013 1.012 

tach DE 15.8 15 

K+? ‘ 

6, 17.2 16.7 

6. 15.9 15.6 
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Fia. 2. The 50-transfer distribution of estrone glucosiduronate. 
The data and the two calculated curves are shown in the lower 
part of the figure and the log specific activity is shown in the 
upper part. The statistical analyses and the calculated curves 
were based on the data from tubes 25 to 33, indicated by the 
vertical lines. 


peak (J,,) was, in both cases, at tube 29. Therefore, by Equa- 
tion 22, 0.588 > p > 0.569, K < 1.4 and 6 ~ 3.5. Interpola- 
tion in Table I of the preceding paper gives the result that the 
analysis of this distribution should include at the most four 
tubes on either side of J,,. The nine tubes from 25 to 33 showed 
significant skewing in both distributions. The distribution of 
c.p.m. peaked at m; = 28.69 tubes and the weight distribution 
at m2 = 28.89 tubes. The difference of —0.20 tube, with a 
standard error of 0.07 tube was significant at p 0.05 with 6 d.f. 
These peaks, if observed in Gaussian curves, would have indi- 
cated K values of 1.34 and 1.36, respectively. This is consistent 
with the more pronounced shift of the C'*-labeled material to the 
left than to the right as seen in Fig.2. The estimated parameters 
of the curves of weight and radioactivity were found to be signifi- 
cantly different in all respects. These differences are caused by 
the presence of two C'*-labeled estrogen glucosiduronates, one at 
each “tail,” which have not been separated from the estrone 
glucosiduronate. These were found in larger proportions in an 
earlier distribution. Estrone glucosiduronate in this experiment 
has thus been proven to be radiochemically impure. Had the 
method of Baggett and Engel (2) been used in this situation, the 
conclusion would have depended on the range of tubes examined 
because the presence of two impurities may balance out in an 
analysis of the log S.A. 


2000-Transfer Distribution of Triamcinolone* 


Separate analyses of variance were made on the log c.p.m. 
and the log ug observed in the different tubes shown in Table 
VI. Both distributions were Gaussian, without significant cubic 


* The data were kindly supplied by Dr. J. R. Florini in advance 
of publication. 
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or quartic terms. The distance m,; — m2 = 0.86 tube had a 
standard error of 0.50 tube and both sets of data agreed well 
with the theoretical distribution of a pure substance with a parti- 
tion coefficient of 0.859. 

It was further desired to compare the two curves and to esti- 
mate the mean specific activity. Since the coefficients in Table 
VI had been calculated for different tube numbers, they could 
not be compared until they were transformed into the terms of an 
equation in the same function of i, namely of X = i — 920. 
Substitution in Equation 32 of the values shown in Table VI 
and of A; = 1, A: = 3 yields: 


d: = 3.6899 — 0.0003816(X — 4) — 3(0.0001479)- 

(X? — 8X — 924) = 3.9802 

+ 0.003169 X — 0.0004438 X? (35) 
2 = 2.1925 + 0.002524 X — 0.0004664 X? 
jo = t: — He = 1.7877 + 0.000645 X + 0.0000226 X? 


The variances of the coefficients of the equation for the log 
S.A., were calculated by substitution in Equation 34 with 2Z/ = 
60 and DZ? = 2772 for both y; and yz, They were: 


V (a's) = 10-#(2.043) (0.11111 + 0.00267 + 0.13746) 
= 10-*(0.5133) 
‘  V(a's) = 10-4(2.7529) 

V(a's — a's) = 10-(0.5133 + 2.7529) = 10-4(3.2662) 


The variance of the difference depends largely on the value of 
6:2 which was significantly (p < 0.05) larger than ¢;*. As an 
approximation to more accurate methods (11, 12) the standard 
error of these differences may be treated as having 6 d.f. as has 
6:2. 

The other variances were: 

V(b’; — b’s) = 10-*(0.0383 + 0.1860) 
Vie’, — c's) = 10-8(0.0663 + 0.3514) 


The linear and quadratic coefficients in Equation 35 may there- 
fore be tested as shown in Table VII. 

Accordingly, the mean log S.A. may be estimated as the con- 
stant value 1.788 with a standard error equal to 10-* /3.2662 = 
0.0181. Transforming these figures to antilogarithms, we esti- 
mate the geometric mean specific activity as 61.4 ¢.p.m. per ug. 
The antilogarithm of the standard error is 1.04, indicating a 
standard error of (1.04 — 1.00)100 = 4% in this estimate of 
specific activity. 


DISCUSSION 


When the specific activity in a number of tubes has been de- 
termined, the statistical analysis of its logarithm may leave some 
questions unanswered unless the two distributions themselves 
are also analyzed. If the log S.A. has no significant regression 
with tube number, whether linear or quadratic, no radiochemical 
impurity is detectable. The ability to detect such regression 
terms depends on the magnitude of the experimental error rela- 
tive to magnitude of the linear and quadratic regressions if they 
are present. The finding of a significant linear change without 
significant curvature does provide unequivocal evidence of hetero- 
geneity but does not characterize the two separate distributions. 
Quadratic regression may be found in more than one circum- 
stance. Although this phenomenon is not seen when the curves 
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TaBLe VI 
Estimates derived from independent analyses of radioactivity and 
weight data from 2000-transfer distribution of triamcinolone 


























Log c.p.m. Log ug 
vu y2 
Tubes in analysis 
Beenges 2 Fs SO. 884-964 882-962 
yg | Re RAMEE Sep 924 : 922 
Number (r)........ 9 9 
Interval (h)........ 10 10 
Estimates 
peak (m) + s.e.....| 923.57 + 0.21 922.71 + 0.46 
ecess s tinkationiacee 0.859 0.859 
MP ase aan a eer eee (2.043)10-4 (10.823)10-4 
-_ SES 3.6899 1.8847 
Mee fees reeves —0.003816 +0 .006583 
Cc SPRUE Men lee hing YE» —0.01479 —0.01555 
| Ee Ree Te 22.12 21.58 
TaBLe VII 
Linear and quadratic coefficients in Equation 36 

Coefficient 104 meee * ns x t ratio ? 

bo 6.45 4.74 1.36 >0.20 

Co 0.226 0.644 0.35 >0.50 











are identical, it does occur when the nonidentity consists only of 
some contamination at both tails of the distribution as well 
as when the curves show a consistent difference throughout. 

The analysis of both distributions and of their agreement has 
the advantage of characterizing both distributions and of pro- 
viding an expression of the power of the experiment. The exam- 
ples of the application of the statistical treatment of radiochemi- 
cal purity in countercurrent distributions led to the following 
results. After a 1000-transfer distribution, estrone-16-C™ was 
shown to be radiochemically impure. The use of the recycling 
process here prevented any definition of the number or partition 
coefficients of the impurities. The excellent agreement between 
the location of the mean positions of the curves of weight and 
radioactivity indicated the possibility of establishing radiochemi- 
cal purity of the compound in a further distribution. Estrone 
glucosiduronate, which contained two radioactive contaminants, 
was shown to be radiochemically impure. The analysis of this 
distribution showed that the two curves differed significantly in 
both shape and position. After a 2000-transfer distribution of 
tritiated triamcinolone the statistical analysis showed no evi- 
dence of radiochemical impurity of the compound. Confidence 
limits of 95% for the difference between the two peaks indicate 
an outside value of 2.08 tubes which would correspond to a dif- 
ference of 0.001 in p values. 


SUMMARY 


A method for examining the radiochemical purity of substances 
subjected to the countercurrent distribution process has been 
described and applied to several experimental distributions. 
The statistical analysis may be applied, with appropriate modi- 
fications, both when the specific activity has been determined in 
a number of tubes and when no direct estimates of specific ac- 
tivity have been made. 
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Sutherland e¢ al. (1-3) have established that the increase in 
the amount of active liver phosphorylase induced by epineph- 
rine or glucagon or both is brought about through the mediation 
of cyclic adenosine-3’ ,5’-monophosphoric acid. They have dem- 
onstrated that this cyclic nucleotide stimulates the formation 
of active phosphorylase in a fraction of liver homogenate and 
that its formation from adenosine triphosphate by a suitably 
fortified particle preparation from liver is accelerated by both of 
these hormones (4). An analogous effect of adrenocorticotropic 
hormone on the level of active phosphorylase in adrenal tissue 
has been studied by Haynes (5). In this tissue also, cyclic 
adenosine-3’ ,5’-monophosphoric acid, the production of which is 
accelerated by adrenocorticotropic hormone, increases the con- 
centration of active phosphorylase. 

All of these hormones are known to stimulate the release of 
free fatty acid by adipose tissue incubated in vitro (6-8). The 
mechanism through which this is effected has not been elucidated. 
The studies described below were undertaken to determine 
whether these three hormones (and norepinephrine) act on the 
phosphorylase system in adipose tissue in a manner analogous to 
their respective effects in other sensitive tissues. 


EXPERIMENTAL PROCEDURE 
Methods and Materials 


Adipose tissue was obtained from the epididymal fat bodies of 
male Sprague-Dawley rats maintained on a diet of Purina chow 
ad libitum. Tissues were removed and weighed as rapidly as 
possible after decapitation of each animal. In experiments in 
which tissues were incubated before assay of phosphorylase they 
were transferred after weighing directly from the balance pan to 
25-ml Erlenmeyer flasks containing 3 ml of Krebs-bicarbonate or 
Krebs-Ringer-phosphate medium (9), with other components as 
indicated in individual experiments. The gas phase was 95% 
Oo, 5% COs with the former medium, air with the latter. 
Flasks were shaken at 37° during the incubation period. 

Homogenates were prepared in glass tissue grinders, with 
grinders and solutions at room temperature. Tissues to be 
homogenized without preincubation were transferred directly 
from balance pan to homogenizer. Tissues homogenized for 
assay of phosphorylase activity after preincubation were rinsed 
briefly in ice-cold 0.1 m NaF, blotted gently, and immediately 
homogenized in 2 ml of 0.1 m NaF at room temperature. Single 
fat bodies weighed usually 200 to 600 mg. 

Crystalline glucagon and glucagon-free insulin were provided 
by the Eli Lilly Company through the courtesy of Dr. O. K. 


_* An abstract reporting a portion of this work has been pub- 
lished (J. Clin. Invest:, 38, 1051 (1959)). 


Behrens. Solutions of t-epinephrine and L-norepinephrine were 
prepared from the respective bitartrates. Concentrations are 
expressed as micrograms per ml of the free base. The ACTH! 
was a commercial preparation. Cyclic 3,5-AMP? and 5’-AMP 
were obtained from the Sigma Chemical Company. When the 
3,5-AMP was chromatographed on paper with an isopropanol- 
ammonium sulfate solvent system, only one spot was detected 
under ultraviolet light. The Rp corresponded to that expected 
for 3,5-AMP (3). In acid solution the absorption maximum 
was at 257 mu and the ratios of absorption 280:260 and 250:260 
agreed with those found by Sutherland and Rall (3) for this 
nucleotide. 


Assay of Phosphorylase Activity 


Phosphorylase activity was assayed with the system described 
by Sutherland (10), the composition of which is noted in Table I. 
In preliminary studies the activities of homogenates prepared in 
10% sucrose and in 0.1 mM NaF were compared since it has been 
shown that the inactivation of liver (11) and of adrenal (12) 
phosphorylase is inhibited by fluoride. Homogenates were pre- 
pared from two portions of tissues from a single rat. Each pair 
of homogenates was made and the assays (10-minute incubation) 
were started simultaneously and as rapidly as possible. The 
homogenates prepared in sucrose exhibited approximately 65% 
of the activity of those prepared in NaF. Sucrose homogenates 
incubated for 30 minutes at 37° before assay contained less than 
20% of the activity of the same homogenate assayed immediately 
after preparation. Homogenates prepared in 0.1 m NaF de- 
clined in activity 25 to 30% during a 30-minute incubation at 
37° before assay, but when stored in an ice bath for 40 minutes 
before assay there was no detectable loss of activity. In subse- 
quent experiments, therefore, all homogenates were prepared in 
0.1 m NaF, and assays were begun as soon as possible after 
homogenization of tissues. In a few instances when it was neces- 
sary to delay assays for from 15 to 40 minutes the homogenates 
were kept in ice during this interval. With this assay system 
inorganic phosphate production was constant for at least 30 
minutes. In assays of enzyme activity in tissues treated in 
various ways an incubation time of 30 minutes was used. 

Data on inorganic phosphate released in Table I are expressed 
relative to the release observed in the complete assay system in 
order that observations obtained in several different experiments 


1 The abbreviations used are: 3,5-AMP, cyclic adenosine-3’ , 5’- 
monophosphoric acid; 5’-AMP, adenosine 5’-monophosphoric 
acid; ACTH, adrenocorticotropic hormone; FFA, free (unesteri- 
fied) fatty acid. 

2 Our initial supply of 3,5-AMP was kindly provided by Dr. D. 
Lipkin. 
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TaBLe I 
Effect of components of assay system on production of inorganic P 
The complete system contained glycogen, 5.7 mg; glucose-1-P, 
45 umoles, NaF, 50 umoles, 5’-AMP, 2 umoles, in a total volume 
of 1.1 ml, plus 0.2 ml of homogenate. 





Assay system Inorganic P formed 
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could be compared. There is no phosphate production during 
incubation of the assay medium in the absence of homogenate. 
No phosphate is produced by the homogenate in the absence of 
AMP and glycogen with or without glucose-1-P present. The 
omission of primer glycogen from the assay medium reduces phos- 
phate production to about 20% of that in the complete system 
whereas in the absence of 5’-AMP inorganic phosphate formation 
is decreased by 35%. The magnitude of the effect of 5’-AMP 
which varies in different homogenates does not seem to be related 
to the prior treatment of the tissue. The dependence of inor- 
ganic phosphate formation on the presence of glycogen suggests 
that it is the result of phosphorylase action and is not due to 
phosphatase activity. In addition, no glucose-6-phosphatase ac- 
tivity (13) was demonstrable. It may be concluded that the 
phosphatase activity per gram of wet weight of tissue is less than 
0.5% of that of the rat liver assayed at the same time. 

It was found that a large fraction of the lipid could be removed 
by centrifugation from the adipose tissue homogenate without 
loss of phosphorylase activity. Adipose tissue (approximately, 
270 mg per ml of 0.1 mM NaF) was homogenized and samples were 
taken for phosphorylase assay which was begun immediately. 
The remainder of the homogenate was centrifuged for 30 minutes 
at 0° at 15,000 x g. Under these conditions a thick layer of 
solid fat surmounted by a few drops of clear oil collects at the 
top of the centrifuge tube. The oil was aspirated as completely 
as possible with a fine tipped pipette. Most of the solid fat was 
lifted off with a chilled spatula, and the remaining visible fat 
was removed by wiping with a piece of filter paper, which left an 
opalescent supernatant solution and a small amount of sedi- 
mented material in the bottom of the tube. The supernatant 
solution contained about 75% of the activity of the whole ho- 
mogenate (70 to 78% in three different preparations). When 
the sediment was resuspended in the supernatant solution by 
homogenization (retaining the original proportions) ~120% of 
the activity of the whole homogenate was recovered. The ap- 
parently high recovery of enzyme activity is probably due to the 
fact that the lipid represents an appreciable fraction of the vol- 
ume of the original homogenate. With this preparation it was 
possible to demonstrate the formation of iodine-glycogen color 
paralleling the production of inorganic phosphate with increas- 
ing amounts of homogenate. This is shown in Fig. 1. 

Phosphorylase Activity of Adipose Tissue Incubated in Vitro— 
In the experiments, data from which are presented in Fig. 2, one 
tissue from each rat was homogenized and phosphorylase activity 
was assayed immediately after its removal from the rat. The 
contralateral tissue was incubated at 37° before assay of enzyme 
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activity. Each point represents the activity of a single incu- 
bated tissue expressed as percentage of the activity of the other 
tissue from the same rat assayed at zero time. These data ob- 
tained with tissues from rats weighing over 250 g show a decline 
in enzyme activity to approximately 50% of the initial value 
after 30 minutes. Activity decreased more slowly in the experi- 
ments summarized in Table II reaching 65% of the zero time 
value only after 60 minutes. These tissues obtained from rats 
weighing approximately 175 g were incubated in Krebs-bicar- 
bonate buffer containing 3% bovine serum albumin. In a few 
experiments not included in the table, the medium contained in 
addition, glucose, 50 mg per 100 ml. The decline in phosphoryl- 
ase activity was similar to that noted in the absence of glucose. 

Phosphorylase activity did not decline significantly in tissues 
incubated for 60 minutes in the presence of epinephrine, 0.1 yg 
per ml (Table II). Similarly with 5- and with 20-minute incuba- 
tion periods, tissues exposed to epinephrine showed no decrease 
in phosphorylase activity. An increase in phosphorylase activ- 
ity above the amount present at the time of removal of the tissue 
has not been noted with epinephrine or with any of the other 
hormones that affect this enzyme in adipose tissue. After phos- 
phorylase activity had declined in tissues incubated for 20 min- 
utes in medium alone, it could be increased again by the addition 
of epinephrine followed by incubation for 10 more minutes. 
ACTH and glucagon were also effective in elevating phosphoryl- 
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Fig. 1. Iodine glycogen color, O——O, and inorganic phos- 
phate production, @——@, as a function of homogenate concen- 
tration in phosphorylase assay system as recorded in Table I. 
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Fig. 2. Phosphorylase activity in homogenates prepared after 
incubation in vitro of intact epididymal fat pads expressed as per- 
centage of the activity at zero time (see text for details). Me- 
dium: @ Krebs-Ringer phosphate; O Krebs’ bicarbonate with 3 
g per ml of bovine serum albumin and 1 mg per ml of glucose; 
@ Krebs’ bicarbonate with 3 g/100 ml of bovine serum albumin. 
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Taste II 
Change in concentration of active phosphorylase with 
incubation in vitro 
Incubation in Krebs-bicarbonate medium; atmosphere: 95% 
oxygen, 5% carbon dioxide; 37°. 

















Incubation conditions % of initial 
No concentration 
5 Mean + standard 
Additions Minutes error 
OOD: «cnr tecden us} gut 40 6 83 + 5 
pe rT ee oe ae ees we 60 8 65 + 4 
Epinephrine, 0.1 ug/ml....| | 60 4 93 + 7 
| 





ase activity after preincubation of tissues in the absence of hor- 
mones. 

Effect on Phosphorylase Activity of Hormones and Other Sub- 
stances Added in Vitro—Because of the differences in the tissues 
obtained from different rats, both in terms of initial level of 
phosphorylase activity and of its change during incubation, all 
of the studies reported below employed pairs of tissues from a 
single rat treated identically except that the substance to be 
tested was omitted from the incubation medium of the tissue 
which served as the control. The difference between the phos- 
phorylase activity of the two tissues assayed at the end of the 
incubation is taken as a measure of the effect of the material 
added. A few examples of phosphorylase activities determined 
after incubation of pairs of tissues for 1 hour are shown in Table 
Ill. These data are presented to indicate the range and the 
variability both of the control values and of the hormone effects. 
Each group contains data from three consecutive pairs of tissues 
chosen from one experiment. The three experiments represented 
were done at widely separated times. Table IV summarizes the 
effects of several substances on phosphorylase activity. The 
effects are recorded as the means (+ standard error of the mean) 
of the differences between the phosphorylase activities of the 
treated and the control tissues of each pair. 

It is apparent that if the greatest possible effect of an active 
agent results only in the maintenance of phosphorylase activity 
at its original level, then even such a maximal effect will be ob- 
scured when the level of enzyme in the untreated control tissue 
does not decline appreciably during the incubation. Thus, the 
experimental plan used here does not eliminate variability in the 
apparent effect of the material added due to differences in the 
rate of decline of phosphorylase activity in the control tissues. 
Such differences, however, can lead to erroneous conclusions only 
in the direction of minimizing or obscuring a positive effect of 
the substance added on the maintenance of active phosphorylase. 
On the other hand, determination of the effects of various sub- 
stances with experiments of the type shown in Table II could 
yield data indicating a positive effect of the material in question 
when in fact the difference between the treated and the untreated 
tissues was due only to differences in the average rate of decline 
of phosphorylase activity in tissues from different groups of rats. 

Significant effects of epinephrine, norepinephrine, and ACTH 
on phosphorylase activity are demonstrable in both bicarbonate 
and phosphate buffered systems with and without glucose present 
in the medium and with periods of incubation ranging from 20 to 
60 minutes. Data from representative experiments under dif- 
fering conditions are summarized in Table IV. Both epineph- 
rine and norepinephrine caused small increases of similar magni- 
tude in the rate of FFA release when present at a concentration 
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Tasxe III 
Adipose tissue phosphorylase activity after incubation of tissues 
Incubation for 1 hour in Krebs-bicarbonate medium; atmos- 
phere: 95% oxygen, 5% carbon dioxide; 37°. 



































Ph lase activi 
(umoles of F/4/90 minuves) 
Experiment No. 
Control te \Epinephrine effect 
1 18.7 26.4 +7.7 
2 17.4 25.8 +8.4 
3 17.4 25.4 +8.0 
oe. Serotonin effect 
4 27.0 37.1 +10.1 
5 22.0 31.8 +9.8 
6 29.0 30.2 +1.2 
of ee ACTH effect 
7 17.8 28.1 +10.3 
8 30.0 42.3 +12.3 
9 30.3 46.1 +15.8 
TaBLe IV 


Effect of hormones on phosphorylase activity 














Incubation conditions 
4 phosphorylase activity 
- No. due to addition (ymoles 
Addition Giecens,| Mie- of P/gm/30 minutes*) 

Epinephrine 

0:1 pafml....teoscs a 60 6 +7.2 + 1.0 

8.0 ug/mlf........ 0 40 7 +12.3 + 2.5 
Norepinephrine 

Ol nese: .......5:0>% a 60 6 +2.1 + 0.4 

ye) ee 0 60 7 +8.1 + 1.7 
ACTH 

0.02 unit/ml...... + 60 3 +4.7 + 0.3 

0.04 unit/mlf..... 0 20 4 +13.4 + 3.6 

0.04 unit/ml...... = 60 17 +5.6 + 1.0 

0.08 unit/ml...... a 60 3 +6.3 + 0.9 

0.2 unit/ml....... a 60 3 +12.8 + 1.6 
Glucagon 

5 yg/ml........| + 60 7 +6.1 + 1.8 

20 wg/mlf.......| 0 20 7 +7.5 + 2.6 

SO eesi.........) + 60 4 +4.3 + 1.0 

100 wg/ml........) + 60 6 +4.3 + 1.6 
Serotonin 

0.4 umole/ml.....) + 60 12 +14.2 + 3.3 
Insulin 

0.04. unit/ml.....) + 60 6 +0.1 + 0.7 
3’,5’-AMP 

0.1 umole/ml.....| { 60 6 —0.6 + 1.2 

1.0 umole/ml.....| f 60 6 —0.5 + 1.0 
5’-AMP 

0.4umole/ml.....| tf 60 6 +1.4 + 1.8 

















* Mean + standard error. 
+ Krebs-phosphate; albumin concentration 3 g/100 ml, glucose 


50 mg/100 ml when present; otherwise, Krebs-bicarbonate medium 
used. 


¢t Medium contained albumin but no glucose. 
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of 0.05 ug per ml during a 1-hour incubation. No effect on phos- 
phorylase activity was observable under these conditions. Ata 
concentration of 0.1 ug per ml the effect of epinephrine on 
phosphorylase activity was significantly greater than that of 
norepinephrine. This difference is in agreement with the relative 
activities of these two hormones on phosphorylase activity in 
liver (14). Their activities have not, however, been compared 
directly in paired tissues, and for the reason discussed above it 
may be misleading to compare quantitatively effects obtained 
with tissues from different rats at different times. In the experi- 
ments from which these phosphorylase data were obtained the 
effects of the two hormones on FFA release were similar, 7.¢., 
+3.9 weq per g with epinephrine and +4.1 yueq per g with nor- 
epinephrine.* 

ACTH at a concentration of 0.02 unit per ml caused an in- 
crease in FFA release from adipose tissue. An effect on phos- 
phorylase activity was also observed under these conditions. 
The maximal effect on phosphorylase activity, obtained with 0.2 
unit per ml of ACTH was similar in magnitude to those obtained 
with epinephrine and with norepinephrine (+8 to 12 umoles of 
P per g) and probably represents maintenance of enzyme activity 
in the treated tissue at the zero time level. 

The effect of glucagon on phosphorylase activity was more 
variable than that of ACTH, epinephrine, or norepinephrine. 
Mean effects noted in Table IV include some as large as any 
obtained with the other hormones but also several much lower. 
Concentrations of glucagon greater than 5 ug per ml neither de- 
creased the variability of the response nor increased its magni- 
tude. This concentration also gives a maximal effect on FFA re- 
lease. The increment in FFA release is, however, never as great 
as the maximal effect obtained with epinephrine, norepinephrine, 
and ACTH in analogous experiments. The reasons for the quan- 
titative differences between the effects of glucagon and of the 
other hormones on these parameters is not known. 

An apparently maximal effect on phosphorylase activity was 
obtained with serotonin at a concentration of 4 X 10-4m. In 
this series of 12 experiments there was no effect on FFA release 
(mean effect + s.e. = —0.1 + 0.28 weq of FFA per g of tissue). 

No effect of 3,5-AMP was observed with concentrations simi- 
lar to those found to increase phosphorylase activity in liver (3) 
and adrenal (5) slices. It is possible, of course, that 3,5-AMP 
reaches its site of action in slices of the other tissues more readily 
than it does in the intact fat pad, or that its enzymatic destruc- 
tion is especially rapid in adipose tissue. Several experiments 
(not included in Table IV) were done in medium without albu- 
min. In these 3 x 10-*m3,5-AMP was without effect on phos- 
phorylase activity. 


DISCUSSION 


The results of these experiments indicate that ACTH, epi- 
nephrine, norepinephrine, glucagon, and serotin increase phos- 
phorylase activity in adipose tissue. An analogous effect of 
ACTH in the adrenal, of epinephrine and glucagon in the liver, 
and of serotonin in Fasciola hepatica (15) is brought about 
through the hormone-stimulated accumulation of 3’,5’/-AMP. 
It is probable that a similar mechanism obtains in adipose tissue 
and further investigation of these reactions is in progress. Pre- 
liminary experiments indicate that a particulate fraction from 


3 When FFA release is increased by epinephrine, norepineph- 
rine, ACTH or glucagon, the tissue concentration of FFA is also 
elevated above the level of the control tissue. 
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this tissue can synthesize a compound which, like 3,5-AMP, 
stimulates the formation of active phosphorylase in a liver assay 
system. No effect of epinephrine on the generation of this ma- 
terial has been observed, however. It has not yet been shown 
that any of these hormones increases the concentration of 3,5- 
AMP in intact adipose tissue. 

The relationship between the effects of these hormones on 
phosphorylase activity and on FFA release remains to be deter- 
mined. Addition of 3,5-AMP to the medium in which tissues 
are incubated causes none of the changes (in phosphorylase activ- 
ity, in FFA release, or in glucose metabolism‘ (16, 17)) produced 
by epinephrine, ACTH, or glucagon under similar conditions. 
These observations do not, of course, exclude the possibility 
that the nucleotide, formed within tissue plays a role in the hor- 
mone-induced FFA release, perhaps through effects on other 
reactions in addition to that producing active phosphorylase or 
through metabolic adjustments resulting from the use of ATP 
for 3,5-AMP formation. The results of experiments with seroto- 
nin, however, do indicate that enhanced phosphorylase activity 
(and presumably 3,5-AMP accumulation) does not of itself stim- 
ulate FFA release or that if it does serotonin unlike the other 
hormones interferes secondarily with FFA release. Alterna- 
tively, the increased FFA release caused by epinephrine, ACTH, 
and glucagon may represent another effect of these hormones in 
addition to the action shared with serotonin at the level of cyclic 
AMP accumulation. Any interpretation of the observations re- 
ported here must take into account the differences in the effects 
of epinephrine and ACTH on the one hand and serotonin on the 
other, and the quantitative differences in the effects obtained 
with glucagon. The interrelationships of the several effects of 
these hormones in adipose tissue is the subject of continued in- 
vestigation. 


SUMMARY 


1. Phosphorylase activity decreases during incubation in vitro 
of rat adipose tissue. 

2. Enzyme activity is maintained at a level above that of the 
paired untreated control tissue when tissues are incubated with 
epinephrine, norepinephrine, adrenocorticotropic hormone, glu- 
cagon, or serotonin. Incubation in the presence of insulin or 
cyclic adenosine-3’ ,5’-monophosphoric acid did not affect phos- 
phorylase levels. 

3. Unlike epinephrine, norepinephrine, adrenocorticotropic 
hormone, and glucagon, serotonin did not stimulate release of 
free fatty acids from adipose tissue in vitro. 

4. It is suggested that the hormone-induced release of free 
fatty acids is related only indirectly if at all to the enhanced 
activity of phosphorylase caused by these hormones. 
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Although the brain does not have appreciable reserves of 
glycogen, its glycogen metabolism may nevertheless be of im- 
portance. Glycogen concentrations differ markedly between 
structures within the nervous system (2) and change with many 
physiological and pharmacological variables (3). The accumu- 
lation of glycogen within nerve cells may be the predominant 
cause of morbidity in generalized glycogen storage disease (4). 

Conditions expected to activate phosphorylase lead to rapid 
disappearance of glycogen from brain (3), whereas its restoration 
is very much slower (5-8). Similar considerations for liver and 
muscle had led several other investigators to suggest that phos- 
phorylase degrades glycogen, and that another enzyme synthe- 
sizes glycogen from UDP-glucose (9-10). Leloir and Cardini 
were the first to demonstrate glycogen synthesis from UDP-glu- 
cose (11). The reaction was discovered in liver (11) and later 
shown to occur also in brain (1, 12) and muscle (12-15). 

In this report the characteristics of this reaction in brain will 
be described and compared with the properties of preparations 
from muscle (12-15) and liver (16). 


EXPERIMENTAL PROCEDURE 


Methods 


Glucose-6-P, UDP, UDP-glucose, TPN, DPNH, muscle lactic 
dehydrogenase containing pyruvic phosphokinase, and yeast 
hexokinase were obtained from the Sigma Chemical Company. 
Phosphopyruvic acid was obtained from the California Corpora- 
tion for Biochemical Research. Rabbit liver glycogen, kindly 
provided by Dr. Barbara Illingworth, was standardized against 
glucose with an anthrone reagent (17). UDP-glucose-U-C™ 
(glucose uniformly labeled) was obtained from Dr. Arthur 
Kornberg. UDP-glucose was standardized with UDP-glucose 
dehydrogenase (18). 

UDP was measured with a pyruvic phosphokinase-lactic dehy- 
drogenase system based upon Kornberg’s observation that py- 
ruvic phosphokinase is active in phosphorylating UDP (19). 
The pyruvic phosphokinase reagent contained final concentra- 
tions of glycyl-glycine, 30 mm, pH 7.3; MgCl, 15 mm; KCl, 70 
mM; phosphopyruvate, 0.18 mm; and DPNH, 0.18 mm. Lactic 
dehydrogenase, containing pyruvic phosphokinase, was added 
in sufficient quantity to convert more than 99% of 0.05 mm 


* This study was supported in part by Grant B-1352 (C-2) from 
the National Institute of Neurological Diseases and Blindness and 
by Grant P-78-B from the American Cancer Society. A prelimi- 
nary report of this work has appeared (1). 

t John and Mary Markle Scholar in Medical Science. 
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UDP to UTP in 10 minutes at 38°. The reaction was measured 
either by the fall in DPNH concentration (determined spectro- 
photometrically) or, for greater sensitivity, by the rise in DPN 
(measured fluorometrically (20)). 

Inosine diphosphatase, which hydrolyzes 1 mole of P; from 
IDP, UDP, GDP, or ribose 5’-pyrophosphate (21), was obtained 
from Dr. Jack L. Strominger. The hydrolysis of UDP by inosine 
diphosphatase followed first order kinetics since the measured 
concentrations of UDP were below the Michaelis constant, K,, 
(about 0.7 mm). Sufficient enzyme was added to give a half- 
time of hydrolysis of UDP of 7.6 minutes, so that at 1 hour more 
than 99% was hydrolyzed. Measurements of P; in the presence 
of UDP were made under conditions in which PP; is stable (22). 

Glucose-6-P dehydrogenase prepared from hog adrenals (23) 
was used in a system with hexokinase to measure glucose. The 
reagent contained final concentrations of Tris, 50 mm, pH 8.0; 
MgCl, 5 mm; TPN, 0.3 mm; ATP, 1.7, mm; and hexokinase, 
0.01 mg per ml. The over-all reaction with glucose was first 
order, since hexokinase was present in excess and the measured 
glucose concentrations were below the K,» of the glucose-6-P 
dehydrogenase for glucose-6-P (about 0.02 mm). Sufficient glu- 
cose-6-P dehydrogenase was added to give a half-time of 3.0 
minutes with 0.01 mm glucose (or glucose-6-P), so that after 20 
minutes at room temperature the reaction was more than 99% 
complete. TPNH was then measured fluorometrically. 

A fraction of rabbit brain homogenate was prepared in the 
following way. The brain (anterior to the colliculi) was removed 
from a decapitated rabbit, homogenized in 9 volumes of water 
in a TenBroeck tissue grinder, and centrifuged at 20,000 x g for 
3 hour. The residue was discarded, and the supernatant fluid 
made 1.3 M in ammonium sulfate. The precipitate obtained by 
centrifuging at 20,000 x g for 4 hour, which was designated 
Fraction A, was particulate when resuspended in water and 
resisted further attempts at purification. All operations were 
carried out at 4°. 

Fraction A, which contains one-fourth of the total activity, 
has approximately the same activity per mg of protein as brain 
homogenate, but contains less P;, is less active in degrading 
glycogen, and is more dependent upon added glycogen primer 
for activity. It retains activity after storage at —20° for many 
weeks. For a few experiments Fraction A was washed three 
times with 10 volumes of cold 0.03 m acetate buffer, pH 4.9, in 
order to further decrease the glycogen degrading activity. 


RESULTS 


UDP Formation—The formation of UDP from UDP-glucose 
in the presence of glycogen primer was measured by two methods. 
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The first, employing inosine diphosphatase, is illustrated by 
Experiment 1, Table I. The changes in P; for each of the two 
steps of the experiment indicate that UDP was formed during 
the first incubation with Fraction A in the presence of glycogen 
primer. Similar results were obtained with sheep brain acetone 
powder, rabbit brain homogenate, and frozen-dried sections of 
rabbit brain. 

UDP formation was also demonstrated with a second method, 
with the use of pyruvic phosphokinase (Experiment 2, Table I). 
The addition of glycogen primer in this experiment, as in the 
preceding one, resulted in a 10-fold increase of UDP formation. 
In subsequent experiments UDP was estimated by the pyruvic 
phosphokinase system in preference to the inosine diphosphatase 
method because of the greater sensitivity of the fluorometric 


TABLE I 
Dependence of UDP and glycogen formation upon glycogen primer 

The incubation mixtures contained the following final concen- 
trations. Experiment 1: Tris, 25 mm, pH 7.4; cysteine, 15 mm; 
EDTA,* 1.6 mm; UDP-glucose, 4.9 mm; glycogen (as glucose), 0.6 
mM; and Fraction A, 1.3 ug of protein per ul.in a total volume of 
125 wl. Experiment 2: glycyl-glycine. 60 mm, pH 7.9; EDTA, 3.9 
mM; cysteine, 15 mm; glycogen (as glucose), 6.8 mM; glucose-6-P, 
10 mm; UDP-glucose-U-C* (glucose uniformly labeled), 2.6 mm 
with 575 c.p.m. per mumole (22,400 c.p.m. total); and Fraction A 
(acetate-washed), 1.3 wg of protein per yl in a total volume of 15 
pl. After 1 hour at 38° the reaction was stopped by heating for 2 
minutes in boiling water. 

In Experiment 1, MgCl. was then added to give a concentration 
of 11 ma, together with inosine diphosphatase and a second incu- 
bation of 1 hour at 38° was performed. Aliquots for P; were re- 
moved at zero time, and at the end of the first and second incuba- 
tions respectively. No P; was released during the first incubation. 
If UDP-glucose or Fraction A were omitted, no P; was released by 
inosine diphosphatase. 

In Experiment 2, aliquots were removed for UDP estimation 
with the pyruvic phosphokinase reagent and for isolation and 
counting of glycogen at zero time and after incubation. Carrier 
glycogen (1200 mumoles as glucose) was added to the aliquots for 
glycogen isolation, which were then digested in 30% KOH for 45 
minutes in boiling water and precipitated 3 times from 60% eth- 
anol. Aliquots of the final precipitate were counted with a gas 
flow counter, and separate aliquots were used to determine total 
glycogen recovery with an anthrone reagent (17). Values given 
are corrected to 100% glycogen recovery. No UDP or labeled 
glycogen was formed at zero time, or if UDP-glucose or Fraction 
A were omitted. 











eo Complete system 
myumoles c.p.m. mumoles C.p.m. 
Experiment 1 
P; released by inosine 2 54 
diphosphatase 3 62 
7 55 
Experiment 2 
UDP 0.2 2.1 
0.1 2.4 
0.1 2.1 
Labeled glycogen 0.2 97 2.5 1440 
0.3 149 2.9 | 1690 
0.2 | 114 2.8 | 1640 














*EDTA = ethylenediaminetetraacetate. 


B. M. Breckenridge and E. J. Crawford 


3055 


TaBLe IT 

Glycogen synthesis, measured as glucose, from:UDP-glucose 

The incubation mixture contained final concentrations of Tris, 
25 mm, pH 7.4; EDTA,* 3 mm; cysteine, 15 mm; glycogen (as glu- 
cose), 0.55 mm; and Fraction A, 0.5 ug of protein per ul in a total 
volume of 125 ul. UDP-glucose was first hydrolyzed by adjusting 
aliquots of the reaction mixture to exactly pH 2.0-with HCl and 
heating for 10 minutes in boiling water: The glucose liberated 
was then destroyed by adding alkali to 0.3 n excess and heating 
in sealed tubes for 25 minutes in boiling water. Glycogen was 
hydrolyzed by adding HCl to 1.5 N excess and heating in sealed 
tubes for 90 minutes in boiling water. The mixture was neutral- 
ized and glucose determined with a hexokinase-glucose-6-P de- 
hydrogenase system. Values given are the means of triplicates. 
Total glycogen synthesis: observed net increase (13) — glycogen 
primer loss (—15) = 28. 




















Glycogen (as glucose) in mumoles | 
System Rocubated 

Zero time} 1 nog at | Net change 
Fraction At 4 4 0 
Glycogen primerf 66 66 0 
Fraction A + glycogen primerf 70 55 —15 
Fraction A + UDP-glucose 4 5 1 
Fraction A + UDP-glucose + gly- 66 79 13 

cogen primer 





* EDTA = ethylenediaminetetraacetate. 
t+ UDP-glucose omitted. 


measurement of DPN and because the enzyme blanks were 
greatly reduced. 

Glycogen Formation—Glycogen synthesis, measured by the 
incorporation of labeled glucose from UDP-glucose-U-C™ (glu- 
cose uniformly labeled), closely paralleled the UDP produced 
(Experiment 2, Table I). 

Glycogen synthesis was also followed directly by measuring 
glucose, after destruction of UDP-glucose and acid hydrolysis, 
with a hexokinase-glucose-6-P dehydrogenase system (Table 
II). Precise control of the pH is required for the hydrolysis of 
UDP-glucose. Heating 10 minutes in boiling water at pH 2.0 
completely hydrolyzes the glycosyl bond of UDP-glucose (24) 
without appreciably affecting glycogen, but increasing acidity or 
time renders the glycogen alkali labile, whereas less acidity or 
time is insufficient to hydrolyze the UDP-glucose. 

Optimal Conditions—UDP formation is maximal between pH 
7.6 and 8.1 in glycyl-glycine buffer, and is half-maximal at pH 
6.8 and 8.6. At pH 7.4 the activities in glycyl-glycine buffer 
are approximately 25% higher than in Tris, phosphate, or Vero- 
nal buffers. 

The rate of UDP formation was half-maximal with a concen- 
tration of added glycogen primer of about 0.6 mm (Table III). 
It is to be noted that this value might differ with different glyco- 
gens (25). Two other lots of commercially available glycogen 
were active as primers. When the UDP-glucose concentration 
was varied the rates of UDP formation were in close agreement 
with those expected for a K,, of 2.2 mm (Table III). 

Both cysteine and glucose-6-P enhanced UDP formation with- 
out primer, as well as with added glycogen (Table IV). This 
fact, together with the close parallel between UDP and glyco- 
gen-C™ formation noted in Table I, suggest that all of the UDP 
formed, rather than only that dependent upon added glycogen 





Taste III 


Dependence of UDP formation upon glycogen and 
UDP-glucose concentrations 

The incubation mixture contained, in addition to the concen- 
trations of glycogen and UDP-glucose indicated, final concentra- 
tions of glycyl-glycine, 25 mm, pH 8.0; EDTA,* 1.9 mm; cysteine, 
15 mm; and Fraction A, 3.9 ug of protein per ul (Experiment 1) 
or 1.0 wg of protein per ul (Experiment 2) in a total volume of 45 
ul. After incubating 1 hour at 38° the reaction was stopped by 
heating 2 minutes in boiling water. UDP was estimated with 
the pyruvic phosphokinase reagent. Values given are the means 
of triplicates. 











Pry meno UDP-glucose | UDP formationt 
mM mM myumoles per hour 
Experiment 1 0.5 2.4 9.7 
0.9 2.4 16.6 
4.5 2.4 23.1 
21.8 2.4 24.6 
Experiment 2 4.4 0.5 5.3 
4.4 1.0 8.2 
4.4 2.1 12.3 
4.4 4.0 17.0 
4.4 8.4 20.6 
4.4 17.3 25.3 











* EDTA = ethylenediaminetetraacetate. 

¢t Rates of UDP formation for Experiment 1 are calculated as 
the increments in excess of the rate without added glycogen 
primer. Total rates of UDP formation are given in Experi- 
ment 2. 


TaBLe IV 


Enhancement of UDP formation by cysteine and 
glucose-6-phosphate 


The complete incubation mixture contained final concentra- 
tions of glycyl-glycine, 100 mm, pH 7.9; EDTA,* 6 mm; cysteine, 
15 mm; glycogen (as glucose), 13 mm; UDP-glucose, 7.8 mm; 
glucose-6-P, 9 mm; and lyophilized rabbit brain homogenate, 3.4 
pg dry weight per ul in a total volume of 10 ul. After incubating 
1 hour at 38° the reaction was stopped by heating 2 minutes in 
boiling water. UDP was estimated with the pyruvic phospho- 
kinase reagent. Values given are the means of triplicates. 











Addition | UDP in mumoles 
Cysteine Glucose-6-P | Without glycogen With glycogen 
~ - 0.3 1.8 
— + 0.5 2.6 
+ - 0.5 2.5 
+ + 0.7 3.3 











* EDTA = ethylenediaminetetraacetate. 


primer, is associated with glycogen synthesis. Traces of primer 
could certainly be present in the assay system. 

In other experiments cysteine activation was found to be max- 
imal at 15 mm. The increment varied from 20 to 100% of the 
rate without cysteine and was greater in preparations stored for 
several weeks at —20° than in fresh homogenates. Mercapto- 
ethanol was less effective; dimercaprol interfered with the py- 
ruvic phosphokinase system. 


Glycogen Synthesis in Brain 
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Fie. 1. UDP formation versus time. The incubation mixture 
contained final concentrations of glycyl-glycine, 65 mm, pH 7.9; 
ethylenediaminetetraacetate, 4.5 mm; cysteine, 15 mm; UDP- 
glucose, 4.3 mm; glycogen (as glucose), 4.7 mm; glucose-6-P, 9 mm; 
and rabbit brain homogenate, 4.4 wg dry weight per ul in a total 
volume of 40 ul. After incubating the indicated times at 38° the 
reaction was stopped by heating for 2 minutes in boiling water. 
UDP was estimated with the pyruvic phosphokinase reagent. At 
each time the mean value of triplicates and the range are indicated. 


Glucose-6-P uniformly increased the total rate of UDP pro- 
duction when added to whole brain homogenate or Fraction A. 
The addition of boiled brain in two experiments increased the 
total rates 12 and 20%, respectively. It was not established 
that this activation was due to glucose-6-P but, in view of that 
possibility, acetate-washed Fraction A was used in an experiment 
with varying concentrations of glucose-6-P. At 4.8 mm glucose- 
6-P, the highest concentration tested, the rate of UDP formation 
was 235% of that of the control. 

The course of the reaction is linear with time except for an 
initial lag period of approximately 5 minutes, which was con- 
sistently observed (Fig. 1). Preincubating the brain homogenate 
15 minutes with all components except UDP-glucose, or using 
glycogen previously reacted with brain homogenate and UDP- 
glucose and then heated and dialyzed, failed to resolve this brief 
lag. In parallel with the experiment illustrated (Fig. 1) the 
reaction mixture employed by Leloir et al. (12) was also used. 
At 60 minutes 13.3 mumoles of UDP were formed with rabbit 
brain homogenate and 12.2 mumoles were obtained with rat 
brain homogenate, values which are indistinguishable from that 
shown. A rate of UDP formation by rabbit brain of 25 mmoles 
kg-! hour-! was calculated from the observed rate (Fig. 1) by 
correcting for the suboptimal concentration of UDP-glucose 
used. 


DISCUSSION 


The characteristics of the reaction with brain resemble those 
of muscle (12-15) and liver (16). The activity in each case is 
associated with particles and is maximal at a pH near 8.0. Val- 
ues of K,, for glycogen primer (as glucose) are of the order of 1.0 
mM. For liver and muscle preparations the K,, for UDP-glu- 
cose has been found between 0.48 mm (16) and 1.1 mm (15) com- 
pared to the value of 2.2 mm obtained here with brain. Cys- 
teine moderately increases the activity with brain and liver (16); 
muscle preparations may require cysteine for activity (15) or 
exhibit only slight stimulation (12). Activation by glucose-6-P 
occurs with brain, muscle (12), and liver (16). Since glucose-6-P 
may be required for activity (26), the possibility exists that the 
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glucose-6-P concentration may regulate the rate of glycogen 
synthesis from UDP-glucose. 

Glycogen synthesis from UDP-glucose is approximately six 
times more active in liver and muscle than in brain (12). Never- 
theless, the rate of glycogen synthesis from UDP-glucose by 
rabbit and rat brain observed here (25 mmoles kg hour) 
greatly exceeds the maximal rate of glycogen synthesis of ap- 
proximately 1 mmole kg“ hour~ observed for rat cerebral cortex 
in vivo (8) or guinea pig cerebral cortex in vitro (5-7). Since 
there is ample UDP-glucose pyrophosphorylase to provide UDP- 
glucose from glucose-1-P in brain (27) it is suggested that in 
brain, as well as in muscle (12), this new pathway is sufficiently 
active to account for glycogen synthesis in vivo. 


SUMMARY 


Glycogen synthesis from uridine diphosphate glucose by brain 
has been demonstrated by measuring the products, uridine di- 
phosphate and glycogen. The activity is associated with par- 
ticles, exhibits a pH optimum of 8.0, half-maximal activity at 
2.2 mM uridine diphosphate glucose, and is moderately stimulated 
by cysteine. Glucose-6-phosphate consistently enhances the 
rate of uridine diphosphate formation. These characteristics 
generally resemble those for muscle and liver preparations. 
The rates of glycogen synthesis from uridine diphosphate glucose 
by rabbit and rat brain (approximately 25 mmoles kg-! hour") 
greatly exceed the maximal rate of glycogen synthesis in vivo. 
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The di-, tri-, and higher glucosaccharides which occur free in 
muscle (1), brown fat (2), liver (3), and other organs (4) have 
been assumed to be intermediates in glycogen synthesis. Be- 
loff-Chain et al. (1) observed that radioactive maltose, malto- 
triose, and maltotetraose were formed when rat diaphragm was 
incubated with glucose-C“. Furthermore, they found that on 
adding insulin more radioactivity appeared both in the glycogen 
and in the oligosaccharides. Beloff-Chain et al. concluded that 
‘St cannot be decided definitely if the oligosaccharides are ana- 
bolic intermediates towards glycogen synthesis, or catabolic 
products of glycogen breakdown, though on the basis of the evi- 
dence available the former is considered more likely.” 

Sie and Fishman (5) observed that under different physiological 
conditions the changes in liver glycogen and in oligosaccharides 
were parallel. After administration of bicarbonate-C™, it was 
found (6) that the specific activity of the oligosaccharides was 
higher than that of glycogen and reached a peak after 3.5 hours, 
whereas that of glycogen continued to increase up to 6 hours. 
Sie et al. (6) interpreted these results as indicating that glycogen 
is formed from the oligosaccharides. 

In the course of studies on glycogen formation, it was found 
that radioactive oligosaccharides were formed when uridine 5’- 
diphosphate-glucose-C™ was incubated with rat muscle extracts. 
The same products were formed when glycogen-C™ was used as 
substrate, but not with glucose-C“. The present communication 
describes further work on this problem which has been carried out 
with the “particulate glycogen” fraction of liver, that was found 
by Leloir and Goldemberg (7) to be rich in glycogen synthetase 
and which also forms oligosaccharides. 


EXPERIMENTAL PROCEDURE 


Analytical—Glycogen and oligosaccharides were estimated 
with the phenol-sulfuric acid method (8) with glucose as stand- 
ard. C™ was measured with a Tracerlab windowless gas flow 
counter. The radioactive samples mounted on aluminum disks 
were of infinite thinness. 

The samples after enzyme action were diluted to 1 ml with 
water, treated with 1.25 ml of 95% ethanol, heated to boiling, 
cooled, and centrifuged. Two fractions were thus obtained, the 
precipitate containing the glycogen and the supernatant fluid 
containing the oligosaccharides. The glycogen fraction was 
heated for 20 minutes in 30% KOH and reprecipitated twice with 
ethanol. The oligosaccharide fraction was treated with 0.2 ml 


* This investigation was supported in part by a research grant 
(No. RG-3442) from the National Institutes of Health, United 
States Public Health Service, by the Rockefeller Foundation, and 
by the Consejo Nacional de Investigaciones Cientificas y Técnicas. 


each of 5% ZnSO, and 0.3 n Ba(OH)2. The supernatant fluid 
obtained by centrifugation was passed through a column of mixed 
bed resin (Amberlite MB; regenerated with acetic acid, 2 x 0.65 
cm diameter). The column was then washed with 0.5 ml of 
water and sucked dry. The percolate and wash water were 
dried in a vacuum desiccator and chromatographed on paper as a 
1.5-em wide band with butanol-pyridine-water (6:4:3) as sol- 
vent, for about 50 hours. The oligosaccharides were located in 
a parallel strip with silver nitrate (9) and eluted in 1 ml of water. 

Substrates—UDP-glucose was obtained from yeast (10). 
UDP-glucose labeled in the glucose moiety (45,000 c.p.m. per 
umole) was prepared by incubating uniformly labeled glucose-6- 
P-C" with UDP-glucose and a Saccharomyces fragilis extract (11). 
The product was purified by chromatography on paper. 

Liver Enzymes—The “particulate glycogen” fraction of rat 
liver was prepared as described by Leloir and Goldemberg (7) 
except that 0.15 m KCl was used during homogenization and that 
the “particulate glycogen’’ fraction was directly suspended in 
0.15 m KCI, 0.001 m ethylenediaminetetraacetic acid, and 0.01 m 
Tris at pH 7.1 without washing. 

Standard Incubation Mixture—The standard incubation mix- 
ture contained (in umoles) UDP-glucose, 0.8; glucose-6-P, 1; 
glycine buffer at pH 8.5, 15; ethylenediaminetetraacetate, 0.5; 
and 0.02 ml of liver enzyme. Total volume, 0.07 ml; tempera- 
ture, 37°; time, 20 to 40 minutes. 

Preparation of Radioactive Saccharides—The product obtained 
in larger scale incubation mixtures was precipitated with ethanol 
and treated as described under “Analytical” except that the 
oligosaccharides were not separated by paper chromatography. 

Treatment of Glycogen with B-Amylase—The glycogen solutions 
were incubated 20 hours with B-amylase (12) at 37° in acetate 
buffer, pH 5.2, under toluene vapors. Three volumes of metha- 
nol were then added. The supernatant fluid containing maltose 
from the exterior chains of glycogen was deionized with a mixed 
bed resin (Amberlite MBs) and analyzed for glucose and C*. 
The precipitate containing the B-amylase limit dextrin of glyco- 
gen was analyzed likewise. 


RESULTS 


Formation of Oligosaccharides—Incubation of UDP-glucose-C™ 
with the liver enzyme led to the formation of oligosaccharides. 
As shown in Table I, the specific activity of maltopentaose and 
maltotetraose at 20 and 40 minutes was 2 to 3 times higher than 
that of glycogen. These results are therefore similar to those 
obtained by Sie e¢ al. in whole rats. 

Action of Liver Enzyme on Oligosaccharides—If the oligosac- 
charides were precursors of glycogen it would be expected that 
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TaBLeE I 
Incorporation of radioactivity into glycogen and oligosaccharides 
from UDP-glucose-C™* 
Complete system as described in text. 
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TaBLeE III 
Action of liver enzyme on glycogen 
Complete system as described in text. with glycogen-C™ and 
unlabeled UDP-glucose. Incubation time 40 minutes. 





Incubation Malto- Malto- 
time Glycogen pentaose | tetraose 























min c.p.m./pmole/ glucose 
Complete system............ 20 1295 3560 2860 
40 1595 5660 4600 
UDP-glucose added after in- 
CUNMNII. os ds oie Som bose 40 0 0 0 
TABLE II 


Action of liver enzyme on oligoscacharides 


Complete system as described in text with oligosaccharides, 
C4, and unlabeled UDP-glucose. Incubation time 40 minutes. 











beta . irre Same added after incubation 

Specific activity Bo Specific activity 2 

eagr = emed c.p.m, oboe lenate! c.p.m. 

Glycogen........ 20 0 
Maltopentaose. .. 4430 1250 4500 1100 
Maltotetraose. .. 2460 2220 2220 2300 
Maltotriose...... 2420 1255 1980 1030 
Maltoee,. ««.%..% 1410 330 1210 345 

















on addition of radioactive oligosaccharides the radioactivity 
would be transferred to the glycogen. The results of such an 
experiment are shown in Table II. Hardly any radioactivity 
became incorporated into the glycogen and only small changes 
in specific activity were noticeable in the different oligosaccha- 
rides. 

Action of Liver Enzyme on Glycogen—As shown in Table III, 
incubation of glycogen-C™“ with the enzyme preparation led to 
the formation of radioactive oligosaccharides. 

Changes in Specific Activity with Time—The measurement of 
the specific activity of the oligosaccharides at very short incu- 
bation times would be difficult on account of the small amount 
formed. In order to circumvent this difficulty and to have the 
same amount of oligosaccharides in all the samples, experiments 
were carried out as follows. Samples of the standard mixture 
without UDP-glucose were incubated and labeled UDP-glucose 
was added at different times varying between 2.5 and 20 minutes 
before the end of the incubation. The total incubation lasted 
40 minutes in all cases. In this type of experiment the accu- 
mulation of oligosaccharides during the preincubation is equiv- 
alent to adding a pool of nonlabeled oligosaccharides. If the 
glucose transfer takes place in the sequence UDP-glucose — 
glycogen — oligosaccharides, the specific activity after short 
incubation times should be larger in the glycogen than in the 
oligosaccharides. The presence of an oligosaccharide pool should 
only increase the difference. If the sequence were UDP-glucose 
— oligosaccharides — glycogen, the presence of an oligosaccha- 
ride pool should lower the specific activity of both the glycogen 
and the oligosaccharides but would not affect the differences. 

The results of such an experiment are shown in Fig. 1. It 
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Fig. 1. Changes in specific activity with time. The standard 
incubation mixture described under ‘‘Experimental Procedure”’ 
was used, but UDP-glucose-C™ was added at different time inter- 
vals. The times marked in abscissa are those during which UDP- 
glucose-C"* was present in the reaction mixture. For instance, the 
5-minute samples were incubated 35 minutes without and then 5 
minutes with UDP-glucose-C“%. The 20-minute samples were in- 
cubated 20 minutes without and then 20 minutes with UDP-glu- 
cose-C'*, Total incubation time in all cases was 40 minutes. 
After incubation the glycogen and oligosaccharides were isolated 
as described under ‘‘Experimental Procedure” and their specific 
activity was determined. [™——, maltopentaose; 0——D, mal- 
totetraose; A——-A, maltotriose; A——A, exterior chains of the 
glycogen; @——@, maltose; O——O, glycogen. 


may be observed that when UDP-glucose-C“ was incubated 
only 2.5 minutes with the enzyme the specific activity of the 
glycogen was slightly higher than that of the oligosaccharides. 
If instead of measuring the specific activity of the whole glycogen 
molecule only that of the exterior branches was measured, the 
differences at 2.5 minutes were doubled, and even after 5 min- 
utes the oligosaccharides had a lower specific activity than the 
exterior chains of glycogen. 
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In another experiment, the incubation time with UDP-glucose 
was shortened to 1 minute and the resulting specific activities 
were as follows: exterior chains 308, maltopentaose 0, malto- 
tetraose 30, maltotriose 24, maltose 0. The results obtained 
with longer times were essentially the same as those shown in 
Fig. 1. 


DISCUSSION 


The results shown in Table I, according to which the specific 
activity of the oligosaccharides is higher than that of glycogen, 
confirm those obtained in vivo by Fishman and Sie. However, 
the conclusion drawn by these authors, that the oligosaccharides 
may be precursors in the synthesis of glycogen, is in disagree- 
ment with the experiments shown in Tables II and III, where 
it can be observed that the radioactivity is transferred from 
glycogen to oligosaccharides, but not in the reverse direction. 
This apparent contradiction may be solved by the following as- 
sumptions: The synthesis of glycogen proceeds through transfer 
of glucose units from labeled UDP-glucose, a reaction catalyzed 
by glycogen synthetase (13). The highly radioactive external 
branches thus formed give rise to oligosaccharides with a higher 
specific activity than that of glycogen. This can occur because 
the total pre-existing pool of oligosaccharides is much smaller 
than that of glycogen (about one-tenth in vivo) (5). According 
to this hypothesis, in very short incubations with UDP-glucose- 
C* the specific activity of glycogen should be higher than that 
of the oligosaccharides, and the difference should be magnified 
when the specific activity of the external branches of glycogen 
is measured. These predictions are borne out by the experi- 
mental results as shown in Fig. 1. The nature of the enzyme(s) 
involved in the formation of the oligosaccharides is under study. 


SUMMARY 


A partially purified liver extract which formed glycogen from 
UDP-glucose was found to form oligosaccharides from glycogen. 
Under the conditions tested these oligosaccharides were not me- 
tabolized further. 


Metabolism of Oligosaccharides 
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Addition of UDP-glucose-C" to the system led to labeling of 
both the glycogen and of the oligosaccharides. For up to 2.5 
minutes incubation the specific activity of the glycogen was 
higher than that of the oligosaccharides and the inverse was 
true for longer incubations. The exterior chains of the glycogen 
in all cases had a higher specific activity than the total molecule. 
The evidence is interpreted as indicating that the oligosaccha- 
rides are produced by degradation of glycogen. 


Acknowledgments—I wish to express my gratitude to Dr. Luis 
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members of the Instituto de Investigaciones Bioquimicas ‘‘Fun- 
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Studies of the acid mucopolysaccharides of connective tissue 
have revealed a family of polymers consisting of chains of al- 
ternating uronic acid and hexosamine units in which either mono- 
saccharide unit may vary isomerically (1). These polymers 
have been shown to contain p-glucuronic or L-iduronic acid and 
p-glucosamine or D-galactosamine, with unsubstantiated claims 
for the presence of galacturonic acid (2) and talosamine (3). 

The study of enzymes for the cleavage of glycose epimers in 
sulfated and sulfate-free mucopolysaccharides has led to the 
demonstration of a number of enzymes varying in their speci- 
ficities. 

The most widely used mucopolysaccharase, testicular hyalu- 
ronidase, acts with equal facility on hyaluronic acid and its C-4 
hexosamine epimer, chondroitin, and at a reduced rate on the 
sulfated chondroitins A and C. The end products of the degra- 
dation are, in all cases, a tetrasaccharide and small amounts of 
disaccharide, derived from the parent polysaccharide by cleavage 
of the hexosaminidic linkage. Structural evidence discloses only 
8-1 ,4-hexosaminidic and 8-1 ,3-glucuronidic linkages in the above 
mentioned polysaccharides. Chondroitin sulfate B, which is, 
as demonstrated in the following paper (4), the C-5 uronic acid 
epimer of chondroitin sulfate A, is not acted upon by testicular 
hyaluronidase. 

Extracts of Pneumococcus, Staphylococcus, and Streptococcus 
degrade the epimeric hyaluronate and chondroitin equally well 
by cleavage of the hexosaminidic linkage, but will not attack a 
sulfated hexosamine, although sulfate-free hexosamine units in 
sulfate-deficient or chemically desulfated chondroitin sulfate A 
or C are readily cleaved. An unusual feature of the cleavage, 
catalyzed by the bacterial enzymes, is the introduction of A4,5 
unsaturation in the uronic acid at the site of cleavage, the inac- 
tive products of the sulfate-free polysaccharides being unsatu- 
rated disaccharides (5). 

More recently, mucopolysaccharases which cleave sulfated 
mucopolysaccharides have been obtained from a variety of 
Flavobacterium (6) and from Proteus vulgaris (7). In addition, 
these extracts contain glycosulfatases. The present and the 
following paper describe the mode of action of these extracts 
and the nature of the cleaved products. In addition, a new 
enzyme is described which cleaves A4,5 unsaturated disaccha- 


*This work has been supported in part by a United States 
Public Health Service grant. 
} Established Investigator of the American Heart Association. 


rides with the production of an a-keto acid and N-acetylhex- 
osamine. 


EXPERIMENTAL PROCEDURE AND RESULTS 


Analytical methods (8) and paper chromatographic procedures 
(9) have been reported previously. 

Enzymatic digestions were carried out in 0.1 m acetate buffer 
at pH 6.0 at room temperature unless noted otherwise. 

Enzyme Preparations—Soluble enzymes were prepared from 
extracts of acetone-dried Flavobacterium (10) by precipitation 
with ammonium sulfate (80% saturated), followed by dialysis 
and lyophilization. Enzyme extracts prepared from organisms 
grown on a standard medium will be referred to as constitutive 
enzymes, whereas enzymes obtained from organisms grown in 
the presence of a specific substrate (10) will be referred to as 
induced enzymes. 

Action of Constitutive Enzymes on Hyaluronic Acid—Sodium 
hyaluronate (11) was incubated in buffer at a concentration of 
10 mg per ml at 37° with 5 mg per ml of enzyme. Increase in 
reducing sugar with time was measured. The rate and extent 
of the reaction were found to be the same as with other bacterial 
hyaluronidases (5). 

Paper chromatography of the digest showed the major com- 
ponent to have the same mobility as the unsaturated disaccharide 
from pneumococcal hyaluronidase digests. To isolate the di- 
saccharide, 200 mg of hyaluronate at a concentration of 10 mg 
per ml were digested with 100 mg of the constitutive enzymes. 
The digestion mixture was incubated for 2 days at 37°, whereupon 
50 mg of enzyme were again added and the incubation contin- 
ued for 2 days. The solution was placed on a carbon column, 
which was eluted with water and ethanol (5); the eluate frac- 
tions were checked for reducing sugar, uronic acid, and by paper 
chromatography. Material (15 mg) identified chromatograph- 
ically as acetylglucosamine was eluted first. It is noteworthy 
that free acetylglucosamine has never been isolated from pneu- 
mococcal hyaluronidase digests. Subsequent eluate fractions 
contained only unsaturated disaccharide. They were combined, 
evaporated to a small volume, and lyophilized. The amorphous 
material obtained (100 mg) gave the following analytical data: 
uronic acid (carbazole), 38%; reducing sugar, 54%; [a]?> —20°; 
ultraviolet absorption at 230 my; Eig, = 130. This agrees well 
with data for the unsaturated disaccharide obtained with pneu- 
mococcal hyaluronidase (5). In order to confirm the identity 
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Fig. 1. Degradation of chondroitin sulfate A and hyaluronic 
acid by constitutive enzyme. A, hyaluronate digest; B, chon- 
droitin sulfate A digest. 
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Fig. 2. Degradation of chondroitin sulfate A and of sulfated 
tetrasaccharide from chondroitin sulfate A by constitutive en- 
zyme. A, unsaturated disaccharide from hyaluronate; B, digest 
of chondroitin sulfate A; C, digest of sulfated tetrasaccharide; 
D, sulfated tetrasaccharide. 


of the disaccharide obtained here, 80 mg of the isolated material 
were hydrogenated over palladium on charcoal at room tempera- 
ture and atmospheric pressure. Two moles of hydrogen were 
consumed per mole of compound. The acetate of the hydro- 
genated compound was prepared (5) to obtain a crystalline com- 
pound for comparison. The m.p. of the recrystallized acetate 
was 213-215°, and the infrared spectrum was identical with that 
of the same derivative obtained from pneumococcal unsaturated 
disaccharide (5). 

Hydrolysis of Chondroitin Sulfate A—Chondroitin sulfate A 
(12) was incubated at a concentration of 10 mg per ml with 5 
mg per ml of the constitutive enzyme, and the increase in reduc- 
ing sugar with time was measured. The results are shown in 
Fig. 1; a digest of hyaluronate by the same enzyme is shown for 
comparison. Paper chromatography of the digest showed two 
major components (Fig. 2): one with the same Ry value as the 


1 The m.p. reported for this compound was 248-251° (5); however, 
when this derivative was prepared subsequently from the same 
starting material, a m. p. of 216-218° was obtained and this re- 
mained constant after several recrystallizations. The infrared 
spectra of the higher and lower melting compounds were identical. 
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unsaturated disaccharide obtained from hyaluronic acid (this 
compound had therefore lost its sulfate group); the other slower 
moving component was assumed to be unsaturated sulfated di- 
saccharide, on the basis of the Rp value (13). Tetrasaccharide 
obtained from chondroitin sulfate A by testicular hyaluronidase 
(14) was incubated with the enzyme under the same conditions 
as above. Paper chromatography of the digest showed two 
major spots (Fig. 2), of which one had the same R, as sulfated 
disaccharide (13) and the other the same Ry value as the un- 
saturated sulfated disaccharide mentioned above. 

Isolation of Digestion Products—Chondroitin sulfate A (300 
mg) was incubated with 150 mg of enzyme for 3 days under the 
same conditions as above. The digest was then placed on a 
carbon column? and eluted with water and ethanol (5). Eluates 
were analyzed for uronic acid content. The material contained 
in elution peaks was combined, lyophilized, and identity checked 
by paper chromatography. Impure fractions were again placed 
on carbon columns. The following fractions were finally ob- 
tained: 

Fraction I, 47 mg. Paper chromatography showed one spot 
with the same Rr value as unsaturated disaccharide from hy- 
aluronate. It contained uronic acid (carbazole), 41%; hexos- 
amine, 34%; reducing sugar, 52%; ultraviolet absorption at 
230 mu; Ei, = 140. The compound consumed 2 moles of hy- 
drogen over palladium on charcoal. The analysis for sulfate 
was negative. 

Fraction II, 34 mg. Paper chromatography showed one spot 
corresponding to the postulated sulfated unsaturated disaccha- 
ride. Analyses: uronic acid (carbazole), 30%; reducing sugar, 
38%; sulfate, 15%; ultraviolet absorption at 230 my; Ei, = 110. 

Fraction III, 11 mg. Paper chromatography showed it to be 
a mixture of oligosaccharides of higher molecular weight. 

Chondroitin Sulfate C—The rate of hydrolysis and distribution 
of products, as checked by paper chromatography, was the same 
as for chondroitin sulfate A. 

Enzyme of Proteus vulgaris—An enzyme obtained from Proteus 
vulgaris has been described which degrades chondroitin sulfate 
without concomitant unsaturation of the products. As this be- 
havior seemed in contrast to that of other bacterial enzymes 
studied previously (5), we investigated this enzyme. P. vulgaris 
4636 was obtained from the British Type Culture Collection. 
The organisms were grown® and the enzyme prepared according 
to Dodgson and Lloyd (15). Chondroitin sulfate A was incu- 
bated with the enzyme under the same conditions as those used 
for the Flavobacterium enzyme and also under the conditions 
described by Dodgson. The products were chromatographed on 
paper; they appeared to be identical with those obtained after 
digestion with Flavobacterium enzyme, as described above. The 
major products were unsaturated disaccharide and sulfated un- 
saturated disaccharide. The unsaturated disaccharide was iso- 
lated as described above and found to have the same composi- 
tion and ultraviolet absorption as the unsaturated disaccharide 
obtained on treatment with Flavobacterium enzyme. 

The enzyme prepared from P. vulgaris also hydrolyzed hy- 
aluronate, yielding unsaturated disaccharide as the major prod- 


2 In later experiments, columns of Dowex 1-X10 were used. 
They were eluted with increasing concentrations of ammonium 
formate at pH 5.0. Better separations were obtained in this way. 

3 The authors wish to thank Dr. George H. Warren of the Wyeth 
Institute, Radnor, Pennsylvania, for growing and isolating the 
organisms. 
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uct. No saturated oligosaccharides similar to those obtained 
with testicular hyaluronidase were detected, although these 
would be readily detectable if present. 

When enzyme obtained from Dr. Dodgson or enzyme prepared 
by us from organisms grown in Dr. Dodgson’s laboratory* was 
used, the results obtained were different. The products of 
chondroitin sulfate A digestion, when chromatographed on paper, 
showed a pattern of oligosaccharides identical with that obtained 
from testicular hyaluronidase digests (13). Contrary to the 
report that the sulfated disaccharide was the major product 
resulting from digestion with this enzyme (7), there appeared to 
be very little disaccharide, the major product being sulfated 
tetrasaccharide. No unsaturated oligosaccharides could be de- 
tected. The products of hyaluronate digestion appeared identi- 
cal with those obtained by crude testis enzyme (16), containing 
mainly free glucuronic acid, N-acetylglucosamine, trisaccharide, 
and tetrasaccharide. This distribution is to be expected from 
the action of a mixture of hyaluronidase, 6-glucuronidase, and 
§-hexosaminidase. Again, no unsaturated oligosaccharides 
could be detected. Similar results were reported by Dodg- 
son (17). 

It is of interest that the chondrosulfatase of Flavobacterium 
differs from that of P. vulgaris in that it is not inhibited by 
phosphate. 

Both the Flavobacterium and the P. vulgaris enzyme extract 
slowly digested chondroitin sulfate B, the production of unsat- 
urated oligosaccharides being indicated by the appearance of 
ultraviolet absorption at 230 mu. This will be discussed in de- 
tail in the following paper (4). 

Induced Enzyme Extracts—The initial use of Flavobacterium 
as a source of heparinase required an adaptive growth of the 
organism in the presence of heparin (10), since heparinase ac- 
tivity could not be detected if heparin was not added. 

The constitutive enzymes from Flavobacterium which degraded 
hyaluronate and the chondroitin sulfates could be obtained in 
greatly enhanced yields if chondroitin sulfate A was added to 
the growth medium. A noteworthy feature of the increased 
enzymatic activity induced by the addition of chondroitin sul- 
fate A to the growth medium was the production of free ace- 
tylhexosamine as the major product from digests of hyaluronate 
or chondroitin sulfate A. Free acetylhexosamine could al- 
ways be observed as a minor product from digests with the 
constitutive enzymes. 

When either chondroitin sulfate A, chondroitin sulfate C, or 
hyaluronate was incubated with the induced enzymes, loss of 
carbazole color during hydrolysis occurred (Table I). Paper 
chromatography of the hyaluronate digest showed a spot for 
acetylglucosamine and an unidentified spot; the chondroitin 
sulfate digest showed a spot for acetylgalactosamine and uniden- 
tified spots. N-Acetylhyalobiuronic acid and unsaturated 
disaccharide (obtained from hyaluronate by pneumococcal hyalu- 
ronidase (5)) were incubated for 48 hours with the induced en- 
zymes. N-Acetylhyalobiuronic acid was not acted upon, 
whereas the unsaturated disaccharide showed an increase in re- 
ducing sugar and loss of carbazole color for uronic acid (see 
Table I). On paper chromatography of the unsaturated disac- 
charide digest, acetylglucosamine and an unidentified product 
moving somewhat slower than the starting material were de- 


‘ The authors wish to thank Dr. K. S. Dodgson for these prepa- 
rations. 
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Action of induced enzyme 
Substrate — Uronic acid loss 
% 

Chondroitin sulfate A................ 32 65 

SEVOIGIOUINE, 5. cock Oe Re 50 60 

Unsaturated disaccharide............. 10 75 











tected. The unidentified product could be detected by silver 
spray reagent (18) but not by Ehrlich’s reagent (9). It also 
gave the reactions with semicarbazide (19) and o-phenylenedia- 
mine (20) characteristic of a-keto acids. The products obtained 
from unsaturated disaccharide appeared to be the same as those 
from hyaluronate itself. 

When 2,4-dinitrophenylhydrazine in 2.0 n HCl was added 
to an aliquot of the digested hyaluronate or chondroitin sul- 
fate, a yellow precipitate was obtained. This precipitate could 
not be crystallized. Digests of hyaluronate by constitutive en- 
zymes or testis hyaluronidase did not give a precipitate with 
this reagent. 

Isolation of Products—Hyaluronate (500 mg) was incubated 
for 5 days with 25 mg of induced enzymes. The digest was 
placed on a carbon column and eluted with water and ethanol 
(5). Successive eluate fractions were checked for reducing sugar 
by paper chromatography. Material eluted by 2.5% ethanol, 
giving one spot corresponding to acetylglucosamine on chroma- 
tography, was isolated. It was crystallized from 95% ethanol 
and recrystallized from methanol. Yield, 83 mg; m.p., 203- 
204°; mixed m.p. with acetylglucosamine, 201-203°; [a]?> + 42°. 

It was not possible to isolate the keto acid from the carbon 
column, as only very small amounts of material giving the keto 
acid spot on paper chromatography were obtained. As ion-ex- 
change chromatography was also unsuccessful, the keto acid 
was isolated by a method similar to that used for 2-keto-3- 
deoxy-p-arabonic acid (21). Hyaluronate (500 mg) was digested 
exhaustively for 6 days with 25 mg of enzyme, 5 g of Dowex 
50 (H+) were added to the digest, and the mixture was cooled 
to 0°. The resin was filtered off, and the pH of the solution 
was adjusted to 7.5 with a suspension of Ca(OH)2. The pre- 
cipitate was removed by centrifugation, the supernatant evap- 
orated to 10 ml, and 20 ml of ethanol were added. The pre- 
cipitate which formed was isolated by centrifugation, washed 
with ethanol and ether, and dried. More ethanol was added 
to the supernatant and the precipitate was treated as above. 
Several fractions were obtained in this way. They were checked 
by paper chromatography, and those containing mostly keto 
acid were combined. A total of 100 mg of the amorphous cal- 
cium salt was obtained. Analyses: reducing sugar, 62%; phen- 
ylenediamine (20), 72% (using a-ketoglutarate as standard); 
semicarbazide (21), 87% (as ketoglutarate) ; CeSO, decarboxyla- 
tion (21), 72%; thiobarbituric acid test for formylpyruvic acid 
(22), 80%; uronic acid, 10%; reduction with NaBH, (23), 1.8 
moles per mole. The spectrum of the semicarbazone (an in- 
flection at 250 my and a peak at 233 my) indicated the pres- 
ence of an aldehyde group in addition to the a-keto group. 
The keto acid formed 2,4-dinitrophenylhydrazones, semicarba- 
zones, thiosemicarbazones, and p-nitrophenylhydrazones; at- 
tempts to crystallize these derivatives were unsuccessful, Fur- 
ther work on the characterization of the keto acid is in progress. 








DISCUSSION 


The endohexosaminidases which are capable of cleaving the 
acetylhexosamine-uronic acid linkage of mucopolysaccharides fol- 
low two characteristically different pathways: the well known 
glycosidic cleavage, with the production of saturated oligosac- 
charides mediated by testicular enzyme, and the production of 
unsaturated uronides by an elimination process catalyzed by 
bacterial enzymes. 

The bacterial enzymes investigated here, in contrast to pre- 
viously investigated bacterial enzymes, cleaved the sulfated poly- 
saccharides, and both sulfated and desulfated unsaturated 
disaccharides were isolated. Sulfated tetrasaccharide from chon- 
droitin sulfate A, when incubated with the Flavobacterium en- 
zyme, yielded sulfated disaccharide, sulfated unsaturated disac- 
charide, and a small amount of unsaturated disaccharide, as 
shown in Fig. 2. The same mechanism of cleavage had been 
shown for pneumococcal hyaluronidase acting on hyaluronate 
tetrasaccharide (5). Reincubation of sulfated disaccharide with 
more enzyme caused desulfation, with the production of desul- 
fated unsaturated disaccharide. The unsaturated disaccharides 
from hyaluronate obtained by both Pneuwmococcus and Flavo- 
bacterium enzymes were shown to be identical when the crys- 
talline derivatives were compared. The inertness of sulfated 
polysaccharides to Pneumococcus enzyme and the presence of 
desulfatases in the Flavobacterium and P. vulgaris extracts might 
lead one to conclude that desulfation preceded hexosaminidic 
cleavage. However, the data presented here for the Flavobac- 
terium enzymes and those previously reported for the P. vulgaris 
enzymes (7) demonstrate conclusively that cleavage of sulfated 
hexosamine precedes desulfation and, hence, that different en- 
zyme specificities are involved. 

The report of an enzyme from P. vulgaris which produces 
saturated rather than unsaturated oligosaccharides (7) differs 
from the results otherwise found with bacterial enzymes. In- 
deed, digestion of chondroitin sulfate and hyaluronate in this 
laboratory with enzymes or extracts of acetone-dried organ- 
isms obtained from Dr. Dodgson did yield saturated products 
resembling those obtained with crude testicular enzymes. How- 
ever, directly opposite results were obtained when enzyme ex- 
tracts of P. vulgaris, grown for us by the Wyeth Laboratories, 
were used. In this instance, only unsaturated uronides were 
produced with no evidence of saturated oligosaccharides. Ac- 
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Fig. 3. Hydrolysis of unsaturated disaccharide by induced 
enzyme. The abbreviation used is: AGA, N-acetylglucosamine. 
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cording to a recently published abstract the unsaturated disac- 
charide is the product of a chondroitinase isolated from P. vul- 
garis (24), verifying the results obtained with the enzymes 
isolated in this laboratory. It must remain an open question 
whether the same organism can elaborate enzymes with differ- 
ent modes of action on the same substrate and, if so, under 
what conditions this can occur. 

The production of free acetylhexosamine by the Flavobacterium 
extracts indicated the presence of an enzyme which differed from 
the endohexosaminidase. After induction of enzyme synthesis 
by growth of the organism in the presence of chondroitin sulfate 
A, resulting in more active enzyme preparations, it was possible 
to demonstrate the conversion of unsaturated disaccharide from 
hyaluronate to acetylhexosamine and keto acid. As outlined 
in Fig. 3, only glycosidic cleavage is necessary to obtain these 
products. The induced enzyme, therefore, would appear to be 
a 6-glucuronidase, specific for unsaturated uronides. 

The same keto acid and acetylhexosamine products were ob- 
tained from the polysaccharides as from their unsaturated di- 
saccharides, as was shown for hyaluronate, chondroitin sulfate 
A, and chondroitin sulfate C in the present work, and as will 
be shown for chondroitin sulfate B in the following paper (4). 
The following evidence was presented for the structure of the 
new ketouronic acid shown in Fig. 3: (a) The compound is 
known to be derived from a A4,5 unsaturated uronic acid. (6) 
It gives tests specific for a-keto acids: the semicarbazide and 
phenylenediamine reactions and the decarboxylation by CeSQ,. 
(c) The thiobarbituric acid reaction for formylpyruvic acid, car- 
ried out after periodate cleavage (22), indicates that the com- 
pound is a 4-deoxy-5-ketouronic acid. (d) The semicarbazone 
spectrum indicated the presence of an aldehyde group in addi- 
tion to the a-keto group, which is also shown by the quanti- 
tative NaBH, reaction, where approximately 2 moles of hydro- 
gen per mole of compound were consumed. 

The a-keto acid probably does not exist in the free aldehyde 
form as shown; a cyclic structure would appear to be more 
likely. 


SUMMARY 


An enzyme isolated from Flavobacterium has been shown to 
degrade hyaluronic acid to an unsaturated disaccharide iden- 
tical with one obtained previously by other bacterial hyaluron- 
idases. Chondroitin sulfates A and C have been shown to be 
degraded to unsaturated and sulfated unsaturated disaccharides. 
Enzyme isolated from Flavobacterium adapted to chondroitin 
sulfate hydrolyzed the unsaturated disaccharides to the hexosa- 
mines and to a new kind of a-ketouronic acid. 
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Among the sulfated mucopolysaccharides of connective tissue, 
three distinctive isomers containing acetylgalactosamine, uronic 
acid, and sulfate ester in equimolar proportions are collectively 
designated chondroitin sulfate and differentiated by the ap- 
pended letters A, B, and C (1). 

Chondroitin sulfate A and chondroitin sulfate C contain ace- 
tylgalactosamine-4-O-sulfate and -6-O-sulfate, respectively, and 
on desulfation are converted to the identical polysaccharide, 
chondroitin, which is a stereoisomer of hyaluronic acid due to 
C-4 epimerism in the acetylhexosamine group. Chondroitin sul- 
fate A, chondroitin sulfate C, and hyaluronate all form their 
repeating sequences with alternating 6-1 ,3-p-glucopyranosylu- 
ronic acid and #-1,4-acetylhexosaminidic units. Chondroitin 
sulfate B differs from chondroitin sulfate A in that the p-glu- 
copyranosyluronic acid moiety is replaced by its C-5 epimer, 
L-idopyranosyluronic acid. The purpose of this paper is to pre- 
sent evidence, obtained during an investigation of the action 
of Flavobacterium enzymes, that chondroitin sulfate A and chon- 
droitin sulfate B are stereoisomers, differing only as C-5 uronic 
acid epimers, and hence that chondroitin sulfate B contains a- 
1,3-.-idopyranosyluronic acid and 6-1 ,4-(2-acetamido-2-deoxy)- 
p-galactopyranosy1-4-0-sulfate as the repeating units in the pol- 
ymer. 


EXPERIMENTAL PROCEDURE AND RESULTS 


The analytical and chromatographic methods have been re- 
ferred to in the preceding paper (2). 

Chondroitin Sulfate B—The chondroitin sulfate B used in this 
study was obtained from pig skin as previously described (3). 
Data indicating the absence of chondroitin sulfate A and chon- 
droitin sulfate C in chondroitin sulfate B fractions from pig 
skin have been presented (4). 

Enzyme Preparations—As in the preceding paper (2), extracts 
from Flavobacterium grown on a glucose medium will be termed 
constitutive enzymes. The addition of chondroitin sulfate A or 
chondroitin sulfate B to the growth medium resulted in greatly 
increased enzyme yields. Such preparations will be specified 
as A- or B-induced enzymes. 

Digestion of Chondroitin Sulfate B by Constitutive Enzymes— 
During the initial investigation with the constitutive enzymes, 
chondroitin sulfate B was found to be digested to a significant 
extent, a 24-hour digest yielding approximately 40% of the re- 
ducing value obtained in a similar digestion of chondroitin sul- 
fate A. As chondroitin sulfate A and chondroitin sulfate C are 
digested by testicular hyaluronidase, the possibility that the 
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degradation of the chondroitin sulfate B was due to contamina- 
tion by A or C was precluded by its inertness towards tes- 
ticular hyaluronidase. Exact comparison of enzyme activity on 
chondroitin sulfate A and chondroitin sulfate B was not possible 
owing to the lack of reproducibility with the crude extract and 
the low activity present. However, in 24-hour digests, each 
substrate showed a broad pH maximum, with approximately 
the same increase in reducing value in phosphate buffer (pH 
8) and acetate buffer (pH 6) (2). Maximal values for 24-hour 
digests of chondroitin sulfate B were 14% reducing sugar at 
pH 8 and 19% at pH 6, compared with 24% for chondroitin 
sulfate A, with one-third the enzyme concentration in the case 
of A. No significant difference in total digestion was detected 
after incubation at room temperature or at 37°. 

The digestion of chondroitin sulfate B was accompanied by 
the appearance of an absorption peak at 230 my, indicating 
that the cleavage occurred with the production of a-8 unsatura- 
tion in the uronic acid, in analogy to the action of bacterial 
enzymes on the other mucopolysaccharides (2). 

Attempts to isolate oligosaccharides on a preparative scale 
did not prove feasible with the constitutive enzyme extract. 
The yields of individual oligosaccharides were low, and all pre- 
parative studies were carried out with the induced enzyme ex- 
tracts. 

Digestion of Chondroitin Sulfate B by Induced Enzymes—The 
induced enzyme extracts obtained from the Flavobacterium grown 
in the presence chondroitin sulfate B showed greatly enhanced 
activity towards chondroitin sulfate B. It was also noted, as 
will be discussed below, that parallel increases in activity were 
obtained with all the substrates which had been degraded by 
the constitutive enzymes. 

When the action of B-induced enzyme on chondroitin sulfate 
B was followed reductimetrically, a steady increase in reducing 
value was obtained. However, the absorption at 230 muy, in- 
dicative of A4,5 unsaturation in the uronic acid, rose to a max- 
imum and then decreased. The carbazole values paralleled the 
absorption, showing the same maximum. Values for a repre- 
sentative run are shown in Fig. 1. 

The parallel changes in carbazole and absorption values 
strongly indicated that unsaturated uronides were first accumu- 
lating and then disappearing. The conversion of glucuronic 
acid-containing polysaccharides to unsaturated uronides causes 
no change in carbazole value but, owing to the low carbazole 
value of the iduronic acid in chondroitin sulfate B (5), con- 
version to unsaturated uronides would be accompanied by an 
increase in carbazole value. It should be noted that p-glucu- 
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ronic acid and t-iduronic acid form identical A4,5 unsaturated 
uronic acids because of the disappearance of the epimeric dif- 
ferences. 

In order to determine the products of digestion, 99.2 mg of 
chondroitin sulfate B were exhaustively digested with 10 mg 
of B-induced enzyme extract at room temperature for 7 days. 
A final reducing sugar value of 41% was obtained, and the 
carbazole value, initially 16%, finally fell to 3.6%. The diges- 
tion was essentially complete after 24 hours, and further addi- 
tion of enzyme did not change the values. The solution was 
shaken with Dowex 50 (H+) to remove cations, filtered, and 
passed through a Dowex 1X10 acetate column. The aqueous 
eluate was concentrated and lyophilized to yield 30.2 mg of 
material from which only a spot corresponding to N-acetylga- 
lactosamine could be detected on paper chromatograms. The 
yield of N-acetylgalactosamine based on the Morgan and Elson 
color value (6) of the crude solid was 55%. In this and sub- 
sequent runs an acidic component could be recovered in low 
yield from the Dowex 1 column with formic acid or from car- 
bon columns with aqueous ethanol. It could also be detected 
in digest solutions by paper chromatography and had the same 
mobility and reacted identically to spray reagents as the keto 
acid obtained from digests of chondroitin sulfate A, chondroitin 
sulfate C or hyaluronate (2). It gave identical keto acid re- 
actions, and semicarbazone and 2,4-dinitrophenylhydrazone de- 
rivatives which, however, could not be crystallized or purified. 
The keto acids from all the above mentioned sources should be 
identical, according to the method of formation outlined in the 
preceding paper (2). The infrared spectrum of the amorphous 
semicarbazone from the chondroitin sulfate B derivative differed 
slightly from that of the derivative obtained from hyaluronate 
in the relative intensities of several peaks. in the fingerprint 
region. The intensities of these peaks were found to be var- 
iable in samples repeatedly reprecipitated from aqueous ethanol, 
and, as these peaks are prominent in free semicarbazide, it is 
probable that the derivative partially dissociates in solution. 

Isolation of Oligosaccharides from Chondroitin Sulfate B—The 
isolation of the unsaturated disaccharide from chondroitin sul- 
fate B was desirable for structural studies, and, as both the 
constitutive and induced enzyme extracts under the conditions 
described above yielded inadequate amounts, methods for in- 
creasing the yield were investigated. It was finally found that 
preheating the induced enzyme-substrate mixture for 5 minutes 
at 56° inactivated the disaccharide-cleaving enzyme without 
destroying the activity of the chondroitinase or the desulfatase. 
This effect was revealed in such digests by the increased ab- 
sorption at 230 my and increased carbazole values without sub- 
sequent decreases, as shown in Fig. 2. The conditions described 
in Fig. 2 were used to isolate the unsaturated disaccharide. 
When 496 mg of chondroitin sulfate B (18% carbazole value) 
were digested for 24 hours, a final carbazole value of 31% and 
the presence of an absorption maximum at 230 my indicated 
that the major products were unsaturated oligosaccharides. The 
mixture was passed through a column containing 16 g of Darco 
G-60-Celite 535 (1:1), and 241 mg of material were recovered 
in the aqueous ethanol eluates. Paper chromatographic anal- 
ysis revealed the sulfated and desulfated unsaturated disaccha- 
rides as the major products, with smaller amounts of higher 
oligosaccharides. In order to effect separation after subsequent 
digestions, it was necessary to use a Dowex 1X10 acetate 
column and to elute with ammonium formate. Fractions were 
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Fic. 1.Chondroitin sulfate B at 10 mg per ml and B-induced 
enzyme extract at 1 mg per ml were incubated in 0.1 m acetate 
buffer, pH 6, at room temperature. Reducing values (@——®@) 
carbazole values (O--O), and optical densities at 230 mp (+ -- +) 
were determined. 





° 





50 








> 
°o 


ow 
o 


20 


% Carbozole value 

% Reducing value 

Optical density 
230 mz 








0246 8 10 2 14 16 18 20 22 24 
Time (hours) 

Fic. 2. The conditions were identical with those described 
under Fig. 1 with the exception that the incubation mixture was 
initially heated at 56° for 5 minutes and then maintained at room 
temperature. The symbols correspond to those in Fig. 1. 


TABLE I 
Analysis of oligosaccharides* obtained with Flavobacterium extracts 








- Reduc- 

Source Rega os ns 1 SOs 
Hyaluronate...................} 40.0 | 41.7 | 61.0 | 148 
Chondroitin sulfate A......... 40.5 | 33.6 | 52.4 | 138 
Chondroitin sulfate B......... 46.9 | 30.1 | 61.3 | 120 
Chondroitin sulfate B......... 44.2 | 25.6 | 44.2 | 130 | 15.2 
Chondroitin sulfate B......... 37.9 | 31.2 | 31.3 63 9.8 




















* The first three compounds are chromatographically similar 
unsaturated disaccharides, the next is sulfated unsaturated di- 
saccharide, and the last is probably sulfated tetrasaccharide. 


screened with the orcinol reagent (7). The unsaturated disac- 
charide was readily eluted with 0.1 N ammonium formate and 
the sulfated unsaturated disaccharide with 0.5 N ammonium 
formate. The higher oligosaccharides were eluted by 1 nN am- 
monium formate. Each fraction was separately adsorbed on 
a Darco G-60-Celite 535 column and eluted with aqueous eth- 
anol. The fractions were concentrated and lyophilized and 
checked for homogeneity on paper chromatograms. Table I 
lists representative fractions from chondroitin sulfate B, with 
the unsaturated disaccharides from chondroitin sulfate A and 
hyaluronate listed for comparison. All the unsaturated disac- 
charides listed had identical mobilities on paper chromatograms. 
All the fractions listed were digested slowly by the B-induced 
enzyme extracts, with paper chromatographic analysis reveal- 
ing the presence of free acetylhexosamine and keto acid in. the 








TaBLe II 


Turbidimetric* study of hyaluronate and chondroitin 
sulfate A and B 











Enzyme extract 
Source . 
Constitutive | B-induced A-induced 
Hiyaluronate . 2. ecco o ce .. 5 15 230 
Chondroitin sulfate A......... 3 93 
Chondroitin sulfate B......... 0.5 46 








* Turbidity-reducing values were obtained as described (9), 
substituting chondroitin sulfate A and B for hyaluronate as listed. 
Initial substrate concentrations of 200, 500, and 300 ug/ml of hy- 
aluronate, chondroitin sulfate A and chondroitin sulfate B, re- 
spectively, were used so that the half-turbidity measurement 
would be within the linear portion of the turbidity concentration 
curve. The values represent turbidity-reducing units per milli- 
gram of enzyme extract, where the units refer to the amount of 
enzyme which in 15 minutes reduced by one-half the turbidity 
of the specific substrate. 


digest mixture. These results verify the presence of an oli- 
gosaccharide desulfatase and an unsaturated disaccharide-cleav- 
ing enzyme in the induced enzyme extracts. 

Characterization of Unsaturated Disaccharide—The configura- 
tional difference between the t-iduronide in chondroitin sulfate 
B and the p-glucuronide in chondroitin sulfate A is eliminated 
in the formation of a-8 unsaturated uronides, and, as both uron- 
ides are linked to position 3 of the acetylgalactosamine moiety, 
the unsaturated disaccharides from both polysaccharides should 
be identical. They should differ from the unsaturated disac- 
charide from hyaluronate in the sense of being C-4 epimers 
in the hexosamine moieties. 

The analytical values given by the crude amorphous products 
were adequate to characterize all three as unsaturated disac- 
charides (Table I) but they did not distinguish between iso- 
mers. The hyaluronate disaccharide had previously been char- 
acterized as a crystalline reduced acetate (8), and the same 
procedure was used to prepare reduced acetates from the chon- 
droitin sulfate A and chondroitin sulfate B disaccharides. These 
were obtained in crystalline form from 95% ethanol. The de- 
rivatives from chondroitin sulfate A and chondroitin sulfate B 
differed from the hyaluronate derivative in that they exhibited 
no sharp melting point but decomposed over a wide temper- 
ature range. However, their infrared spectra were identical in 
all respects and were strikingly similar to the spectrum of the 
hyaluronate derivative, differing only in minor peaks in the fin- 
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gerprint region. This established the identity of the chondroitin 
sulfate A and chondroitin sulfate B derivatives, and consequently 
of their unsaturated disaccharides, and also strongly indicated 
that they differed from the hyaluronate derivative only by being 
epimeric at C-4 of the hexosamine moieties. 

Comparison of Enzyme Activities—When the B-induced enzyme 
extracts were first isolated and were shown to have the desired 
increased activity on the chondroitin sulfate B substrate, the 
remarkable fact was noted that similarly increased activities 
could be demonstrated on chondroitin sulfate A and chondroitin 
sulfate C and hyaluronate substrates. Later, when the Flavo- 
bacterium was grown on a chondroitin sulfate A containing me- 
dium, similarly increased activity was shown on each of the 
substrates. A comparative turbidimetric reduction study is 
shown in Table IT. 

The B-induced enzyme had been stored in the freezing chest 
at —20° with intermittent use over the period of a year and 
appeared to lose activity slowly with time. The turbidimetric 
reduction method is essentially a measure of the depolymeriza- 
tion of the substrate, and, although caution should be exercised 
in absolute quantitative comparisons of different substrates, it 
is clear from these results and from reductimetric studies that 
enzyme induction by either chondroitin sulfate A or chondroitin 
sulfate B caused similar relative increases in activity on all sub- 
strates. The obvious conclusion which can be drawn, but which 
would require highly purified enzymes for absolute verification, 
is that the same mucopolysaccharase is acting on all substrates. 

Comparison of Pneumococcal and Flavobacterium Endohexosa- 
minidases—The Pneumococcus and Flavobacterium endohexosa- 
minidases both degraded hyaluronate and chondroitin in an iden- 
tical manner but could be distinguished by the activity of the 
latter on the sulfated chondroitins, the isolation of sulfated un- 
saturated disaccharides being proof that the activity was not 
due to prior desulfatase activity. 

The different specificities of the Pneumococcus and Flavobac- 
terium enzymes were further demonstrated by the inertness of 
the former in contrast to the activity of the latter towards 
chemically desulfated chondroitin sulfate B (4, 10). Though 
the reactions were not investigated fully, desulfated B appeared 
to be degraded more slowly than chondroitin sulfate B, whereas 
desulfated A was degraded more rapidly than chondroitin sul- 
fate A. 


DISCUSSION 


The evidence presented strongly indicates that the same endo- 
hexosaminidase from Flavobacterium degrades all the substrates 


CHQ0A CH2OA 
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I NHAc =e! NHAc 
0. on Ce on 
H OH 
z= © o £ 
Hyoluronote H H OH COoH H 
ChsaA HeOSO3HH*#H_ COoH H 
chsB HeOSO3H>H H COoH 
chsc SOz3#0H* H COoH H 


Fig. 3. Structures of the unsaturated uronides obtained from the mucopolysaccharides with the Flavobacterium endohexosamini- 


dase. The abbreviation used is: Ch 8, chondroitin sulfate. 
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listed in Fig. 3 and consequently that the differences in rate 
are probably due to the different orientations of the charged 
groups among the isomers. The reactions shown in Fig. 3 dem- 
onstrate the elimination of a 4-linked hexosamine, leading to 
unsaturated uronides. The isolation of identical unsaturated 
disaccharides from chondroitin sulfate A and chondroitin sul- 
fate B, wherein the configurational difference between p-glucu- 
ronic and L-iduronic acids is eliminated, can only occur by the 
indicated scheme and establishes the 4-linkage independently of 
the proposition that the same endohexosaminidase is acting upon 
both substrates. 

The evidence for the structural features not discussed in this 
paper has been summarized recently (1, 11),) and the combined 
results define hyaluronate and the chondroitin sulfates as mem- 
bers of a family of mucopolysaccharides having in common {- 
1,4-p-hexosaminidic and 8-1 ,3-p- (or a-1,3-L-) uronidic linkages, 
as indicated in Fig. 3. 

Little is known of the manner in which the structural varia- 
tions of the mucopolysaccharides modify their biological func- 
tions, although it is reasonable to assume that alterations in 
the spatial distribution of charged groups would significantly 
modify the properties of the native fibers with which they are 
associated. 


1 Reference (1) incorrectly describes a 8-uronidic linkage in 
chondroitin sulfate B, whereas the t-configuration of the iduronic 
acid moiety requires that the linkage be defined as a. 


SUMMARY 


The isolation of identical unsaturated disaccharides from di- 
gests of chondroitin sulfate A and chondroitin sulfate B by 
Flavobacterium extracts established that they have identical link- 
ages and differ only by the replacement of the p-glucuronic acid 
of chondroitin sulfate A by t-iduronic acid in chondroitin sul- 
fate B. 

Evidence is presented that the same endohexosaminidase which 
could be induced in Flavobacterium acted on hyaluronate and 
the chondroitin sulfates A, B, and C. 
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The utilization of glucose by striated muscle of the diabetic 
animal is markedly impaired. Whether this is a consequence 
of decreased cellular permeability to glucose or a diminution in 
the ability of muscle to phosphorylate glucose has not been re- 
solved, since previous investigations have been concerned with 
measurements of utilization rates, a parameter which does not 
enable one to distinguish between transport and subsequent 
phosphorylation. Recent observations on intact animals (1) 
suggested that both processes are impaired in the diabetic state. 
A further exploration of this problem has been carried out in 
vitro with an intact rat diaphragm preparation with the glu- 
cose analogue 2-deoxyglucose. This sugar is phosphorylated by 
hexokinase as rapidly as is glucose,! but the phosphorylated 
product, 2-deoxyglucose 6-phosphate, is not acted upon appre- 
ciably by other muscle enzymes and hence accumulates within 
the cell. These properties permitted the investigation of cel- 
lular penetration and phosphorylation as separate events. In 
the present paper it will be shown that there is a disturbance 
of both penetration and phosphorylation in diabetic muscle. 
The former is caused by a lack of insulin, whereas the latter 
can be attributed, at least in part, to the action of adrenal 
cortical secretions. Additional observations are recorded which 
indicate that the cut hemidiaphragm preparation is much more 
permeable to sugars than the intact preparation.” 


EXPERIMENTAL PROCEDURE 


Animals—Male rats of the Sprague-Dawley strain (Holtzman 
Company, Madison, Wisconsin), weighing 160 to 180 g were 
used in all experiments. Alloxan diabetes was produced by the 
intravenous administration of 45 mg of alloxan monohydrate 
per kg of body weight in rats fasted for 24 hours. Bilateral 
adrenalectomy was performed through a dorsal incision, the ani- 
mals then being maintained with supplemental salt added to 
their drinking water. 

Chemicals—p-Xylose was obtained from the Pfanstiehl] Chem- 
ical Company, 2-deoxy-p-glucose from the Aldrich Chemical 


* Supported in part by Grant A-1921 from the National Insti- 
tute of Arthritis and Metabolic Diseases, National Institutes of 
Health, Public Health Service, Bethesda, Maryland. 

+ John and Mary Markle Scholar in Medical Science. 

1 The Michaelis constant for 2-deoxyglucose (2.4 X 10-* m) is 
about 3 times larger than that of glucose, whereas Vmax (extrapo- 
lated maximal velocity in Lineweaver-Burk plot) is the same for 
both sugars (2). 

2 The terms ‘‘cut’’ and “intact” refer to the isolated rat dia- 
phragm preparations described by Gemmill (3) and Kipnis and 
Cori (4), respectively. 
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Company, Inc.,-and crystalline zinc insulin (Iletin) from Eli 
Lilly and Company. The quinaldine reagent, 3 ,5-diaminoben- 
zoic acid, was synthesized from 3 ,5-dinitrobenzoic acid and crys- 
tallized as the dihydrochloride. 

Methods—The method of preparation and incubation of the di- 
aphragm and the analytical techniques for the determination 
of free and phosphorylated 2-deoxyglucose in muscle have been 
described (5). p-Xylose was assayed by the p-bromaniline 
method of Roe and Rice (6) adapted for the Beckman spectro- 
photometer, and glucose was determined with the hexokinase- 
glucose-6-P dehydrogenase system. 


RESULTS 

Rate of Penetration of v-Xylose—The simplest and most di- 
rect method for testing the permeability of muscle to sugars 
is to determine the rate of intracellular accumulation of a sugar, 
such as p-xylose, which penetrates readily but is not utilized 
to an appreciable extent. Such measurements have been car- 
ried out in diabetic rats in vivo after the injection of a variety 
of poorly metabolizable pentoses (7) and in vitro with the cut 
diaphragm preparation obtained from such animals (4). In 
none of these cases could a disturbance in permeability of dia- 
betic muscle be demonstrated which was comparable to the 
observed decrease in glucose uptake. The experiment in Fig. 
1 is a repetition of these previous studies, except that the in- 
tact rather than the cut diaphragm preparation was used. Al- 
though the alloxan-treated rats were severely diabetic with fast- 
ing blood sugars above 300 mg per 100 ml, the rate of p-xylose 
penetration was not diminished and insulin produced its usual 
stimulation of sugar entry. Since insulin accelerates the rate 
of transport of p-xylose, it is surprising to find that the pene- 
tration of this sugar is not diminished in diabetic muscle where 
insulin is lacking. These experiments suggest that pentoses (e.g. 
p-xylose) can penetrate the muscle cell membrane by a mecha- 
nism which differs from that involved in glucose transport in 
not being insulin responsive. Other differences in the trans- 
port system for pentoses and for glucose have been described 
(5). 

Another possibility is that the insulin-responsive mechanism 
for pentose entry is less sensitive to the hormone than the glu- 
cose transport system. If this were the case, the levels of in- 
sulin present in the normal diaphragm might not be adequate 
to influence pentose entry, hence similar penetration rates would 
be observed in normal and diabetic animals. Furthermore, it 


would account for the finding that 2-deoxyglucose penetration, 
in contrast to that of p-xylose, is markedly impaired in diabetic 
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muscle. This possibility was tested in the experiments shown 
in Fig. 2. The results indicate that 1 to 2.6 « 10-> units 
of insulin per ml is the smallest amount which stimulates 2- 
deoxyglucose penetration, whereas a minimum of 1 X 10~‘ units 
per ml is needed to accelerate p-xylose entry in the same strain 
of rats. Also included in Fig. 2 is the log-dose response curve 
obtained with diaphragms from a local strain of rats used in 
a previous study (4). \'In addition to showing a greater insulin 
sensitivity, the rates of p-xylose penetration (with and without 
insulin) were consistently greater than in the diaphragm of the 
strain of rats used in the present study. These observations 
call attention to the differences in response which may be ob- 


tained in permeability measurements in different strains of rats. © 


Penetration and Phosphorylation of 2-Deoxyglucose—The results 
obtained with 51 diabetic rats with fasting blood sugar levels 
greater than 300 mg per 100 ml are recorded in Tables I and 
II. The importance of judging the severity of the diabetes on 
the basis of fasting blood sugar levels has been emphasized pre- 
viously (8) and is further supported by the experiments recorded 
in Table I. 

In severely diabetic rats one finds without exception a marked 
decrease in the phosphorylation of 2-deoxyglucose, and since 
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MINUTES 
Fic. 1. Distribution of p-xylose in intact diaphragm prepara- 
Incubation of diaphragms 
was in 0.03 m p-xylose at 37° with (top curve) and without (lower 
curve) the addition of insulin. The concentration of p-xylose in 
intracellular water is expressed as percentage of the concentration 
in the medium. The concentration of insulin was 0.4 unit per 
ml. The values are averages of three to eight experiments. O, 


diaphragms from normal animals; A, diaphragms from diabetic 
animals. 
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Fic. 2. Dose-response curve of D-xylose and 2-deoxyglucose 


toinsulin. The intact rat diaphragm preparation was incubated 
for 30 minutes at 37° in 0.027 m p-xylose or 0.02 m 2-deoxyglucose. 
Each point represents an average of four to eight experiments. 
X, D-xylose response in “‘local’’ strain of rats used in previous 
experiments (4); @, D-xylose response; and O, 2-deoxyglucose 
response in Holtzmann strain of rats used in present experiments. 
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TABLE I 


Penetration and phosphorylation of 2-deoryglucose 
in diaphragms of diabetic rats 
The animals were diabetic for 2 weeks. Incubation of dia- 
phragms was in 0.02 m 2-deoxyglucose at 37° for 30 minutes without 
and with the addition of insulin. The values of free 2-deoxyglu- 
cose and 2-deoxyglucose-6-P are given in wmoles per ml of intra- 


cellular water. Values in parentheses are for diaphragms of 
normal rats. 



































Blood sugar loon Analysis of diaphragm 
incubation 
| with 2- 
Fed — ome 2-Deoxyglucose 2-Deoxyglucose-6-P 
Severe diabetes 
mg/100 ml units/ml pmoles/ml 
—_— 600 0 1.1 3.4 
—_ 606 1.2 3.1 
620 330 0.9 3.8 
522 393 0.8 2.8 
666 416 1.1 1.4 
584 472 0.9 1.2 
728 510 1.2 2.6 
614 406 z 0.8 1.8 
1.0 (0.8)t 2.5 (8.4)f 
—_ 655 0.4 4.8 11.1 
a 683 4.8 10.0 
760 525 4.3 13.6 
610 400 5.8 13.2 
680 388 5.6 13.6 
728 516 5.8 12.4 
528 416 5.4 14.6 
496 324 | 5.0 14.2 
5.2 (0.9)t 12.8 (23.8)f 
Mild diabetes* 
288 184 0 —_— 13.6 
312 162 | 0.9 14.8 
196 158 1.2 12.4 
0.7 (0.5)t 13.6 (17.2)t 
264 144 0.4 1.8 35.6 
228 166 1.2 33.8 
192 128 2.0 38.0 
1.7 (1.1)T 35.8 (37.8)T 

















* Incubations were carried out for 60 minutes. 
t Means. 


this is not associated with an accumulation of free 2-deoxyglu- 
cose, penetration appears to be the rate-limiting process for the 
metabolism of this sugar when no insulin is present. In the 
presence of insulin free 2-deoxyglucose accumulates within the 
cell and at the same time the amount of sugar phosphorylated 
is considerably below normal. This indicates that the rate of 
phosphorylation is also markedly decreased in diabetes and that 
this metabolie disturbance is not immediately corrected by the 
addition of insulin in vitro. To what extent phosphorylation 





TaBxeE II 
Effect of duration of diabetes 
The diaphragms were incubated in 0.02 m 2-deoxyglucose at 37° 
for 60 minutes without and with the addition of insulin. The 
values for free 2-deoxyglucose and for 2-deoxyglucose-6-P in 
diaphragm are given as umoles per ml of intracellular water and 
are averages of five experiments each. 


























Analysis of diaphragm 
‘Dicnbion of Blood sugar | Insulin durin 
diabetes ig hee r mes wit 

g COXYEIUCOSE | > Deoxyglucose ‘ene - med 
days mg/100 ml units/ml pmoles/ml 

0 - 0 0.5 17.2 

3 456 0 1.9 5.1 

7 424 0 1.2 6.7 

14 462 0 1.4 5.2 

30 482 0 1.3 5.5 

0 — 0.4 1.1 37.8 

3 468 0.4 8.7 26.7 

7 384 0.4 8.4 26.3 

14 520 0.4 8.2 23.5 
TaB.e III 


Influence of temperature on 2-deoxryglucose pentration in presence 
and absence of insulin 

Diaphragms were obtained from animals which were diabetic 

for 2 weeks. The values represent the total amount of 2-deoxy- 

glucose transported into the cell (free 2-deoxyglucose plus 2-de- 

oxyglucose-6-P) and are given in wmoles per ml of intracellular 











water. They represent the averages of 3 to 10 experiments. 
“ . : Amount of sugar transported 
ou ae. Insulin 
tration 37° | 27° | Qu 
pmoles/ml min units/ml pmoles/ml 
20 30 — 3.5 1.5 2.3 
20 30 0.4 18.0 8.9 2.0 
20 60 — 6.6 3.0 2.2 
20 60 0.4 34.7 18.4 1.8 
40 30 _ 6.3 3.1 2.0 
40 30 0.4 26.6 13.4 2.0 
40 60 _— 10.7 5.2 2.1 
40 60 0.4 40.6 21.2 1.9 




















can be restored to normal by treatment of the diabetic animals 
with insulin has not been investigated. 

In Table II it is shown that the impairment of permeability 
and phosphorylation is fully established within 3 days after the 
injection of alloxan and persists unchanged for at least a month. 
When the diabetes is mild (fasting blood sugar > 128 < 184 
mg per 100 ml), the changes are less marked. In six such ani- 
mals (Table I) the rate of penetration seemed to be mainly 
affected, as judged by the rate of 2-deoxyglucose-6-P formation 
in the presence of insulin. 

Influence of Temperature on 2-Deoxyglucose Penetration—Pre- 
vious experiments (4) have shown that the basal penetration of 
pentoses (7.e. in the absence of added insulin) occurs by a proc- 
ess characterized by reversible first order kinetics and a tem- 
perature coefficient (Qio) close to unity, properties suggestive 
of a diffusion mechanism. In contrast, the basal penetration 
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in diabetic animals of 2-deoxyglucose, and presumably glucose, 
is temperature-dependent with a Qio of 2.15 (Table III). The 
temperature coefficient of the insulin response, however, is the 
same whether measured with the pentoses or 2-deoxyglucose 
(Qio = 1.9). These observations suggest that energetic proc- 
esses are involved in all cases in the penetration of utilizable 
sugars through the cell membrane. 

Phosphorylating Capacity of Diabetic Muscle—In the normal 
diaphragm, 2-deoxyglucose-6-P accumulated to a maximal value 
of 20 uwmoles per ml of intracellular water in the absence of 
insulin and 50 wmoles per ml in its presence (5). As noted in 
Table IV, the same end point was eventually attained in dia- 
betic muscle when no insulin was added. In contrast to nor- 
mal muscle, however, free sugar accumulated intracellularly 
when phosphorylation ceased and reached a final volume of dis- 
tribution of 50 per cent, similar to that observed with p-xylose. 
In the presence of insulin, free sugar appeared within the cell 
after 30 minutes of incubation, well before phosphorylation 
stopped, an indication that under these conditions penetration 
was not rate-limiting. The maximal quantity of 2-deoxyglucose- 
6-P which accumulated in the presence of insulin was less than 
that observed in normal diaphragm and was not increased by 
the addition of an oxidizable substrate (0.01 m pyruvate) to 
the incubation medium. The final volume of distribution of 
free 2-deoxyglucose in the intracellular water in the presence 
of insulin was similar to that for p-xylose, 82 per cent, which 
is in agreement with previous observations that insulin increases 
the intracellular distribution of sugars (4). 

In normal muscle the lack of accumulation of free 2-deoxy- 
glucose after the cessation of phosphorylation has been attrib- 
uted to an inhibition of penetration by internal 2-deoxyglucose- 
6-P. It is at present unknown why there is a “leakage” past 
this block in the diaphragm of diabetic rats. A similar leakage 
has been observed with diaphragms from normal rats after a 
fasting period of 72 hours. : 

Effect of Adrenalectomy—In previous experiments with the cut 
diaphragm preparation (8-10) the glucose uptake returned to 
normal when the diabetic animals were adrenalectomized. 
When these experiments were repeated with the intact dia- 
phragm preparation (Table V) no effect of adrenalectomy on 
uptake and phosphorylation of 2-deoxyglucose could be detected. 


TABLE IV 
Effect of length of time of incubation 

Incubation of diaphragms from diabetic rats was in 0.02 m 
2-deoxyglucose at 37° without and with the addition of insulin. 
The values for free 2-deoxyglucose and for 2-deoxyglucose-6-P in 
diaphragm are given in umoles per ml of intracellular water and 
are the averages of three experiments. Values in parentheses 
are for incubation of diaphragms of normal rats. 














Without insulin With insulin (0.4 units per ml ) 
Pen a of 
incubation 
2-Deoxyglucose |2-Deoxyglucose-6-P| 2-Deoxyglucose ee; em 
min pmoles/ml pmoles/ml 
30 1.0 (0.8) | 2.5 (8.4) 5.2 (0.9) | 12.8 (23.8) 
60 1.1 (0.5) | 5.1 (17.2) | 8.7 (1.1) | 26.7 (87.8) 
180 10.1 (1.9) 18.3 (21.1) 16.5 (1.8) | 34.2 (50.2) 
180* 9.4 20.0 16.3 36.8 














* Incubated in the presence of 0.01 m pyruvate. 
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In the presence of insulin, however, the impairment in phos- 
phorylation was corrected by the removal of the adrenal glands. 
Because of the striking difference between these results and 
those obtained with glucose and the cut diaphragm, the experi- 
ments were repeated with the latter preparation. The results 
are recorded in Table VI and are now seen to be in complete 
agreement with those previously reported with glucose. It is 
noteworthy that the percentage of inhibition of utilization in 
diabetic muscle before adrenalectomy is also the same—59 per 
cent for glucose (8) and 57 per cent for 2-deoxyglucose. It 
seems clear that an effect of adrenalectomy on sugar utilization 
can be detected only when penetration is not rate-limiting. This 
is the case when insulin is added (Table V) or when the cut 
diaphragm preparation, which is much more permeable to sug- 
ars than the intact preparation, is used. 

Comparison of Rates of Penetration in Intact and Cut Dia- 
phragm Preparations—It has been shown previously (4) that p- 
xylose penetrates much more rapidly into the cut than into 
the intact preparation. The same result has now been obtained 
with 2-deoxyglucose. Figure 3 shows that the cut preparation 
exhibits the same kinetics of uptake as the intact preparation; 
that is, 2-deoxyglucose-6-P, as it accumulates, acts as a non- 
competitive inhibitor of the penetration of 2-deoxyglucose. 
When this type of inhibition obtains, a plot of +/¢ against 
the intracellular concentration of 2-deoxyglucose-6-P yields a 
straight line from which initial rates can be evaluated (5). 

In order to make the values for p-xylose and 2-deoxyglucose 
comparable, initial rates have been calculated in the manner 
shown in Table VII. It is of interest that at equal external 
concentrations, the initial rate of penetration of 2-deoxyglucose 
in the intact diaphragm preparation is much greater than that 
of p-xylose without as well as with added insulin. In the cut 
preparation, the differences in the rates of penetration of the 
two sugars are less marked. 

The data for diabetic rats were insufficient for a graphic eval- 
uation of initial rates since there were only two time periods 


TABLE V 


Effect of adrenalectomy on phosphorylation of 2-deoryglucose in 
diabetic rats 

The animals were diabetic for 4 to 7 days before to adrenalectomy 
and were used 4 days postoperatively. The blood sugar before 
and after adrenalectomy was obtained after a fasting period of 
24 and 6 hours, respectively. Incubation of diaphragms was in 
0.02 m 2-deoxyglucose at 37°. The values for free 2-deoxyglucose 
and for 2-deoxyglucose-6-P in diaphragm are given as umoles per 
ml of intracellular water and represent averages of three experi- 
ments each. The figures in parentheses represent the values for 
diabetic rats. 

















Blood sugar Analysis of diaphragm 
Time of | Insulin 
Bef Af incubati , during 
etvenal oluae- ° | incubation 2-Deoxyglucose | 2-Deoxyglucose-6-P 
ectomy ectomy 
mg/100 ml min units/ml umoles/ml 
389 158 30 0 0.6 (1.0) 2.4 (2.5) 
434 198 60 0 1.8 (1.1) §.2 (5.1) 
563 381* 30 0.4 1.1 (5.2) 22.8 (12.8) 
608 379* 30 0 0.8 2.0 
610 320* 60 0 1.6 5.7 

















* Nonfasting blood sugars. 
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TaBie VI 

Phosphorylation of 2-deoxyglucose in cut diaphragm preparation 

The animals were diabetic for 4 to 7 days and were used 3 days 
after adrenalectomy. The blood sugars before and after adren- 
alectomy were obtained after a fasting period of 24 and 6 hours, 
respectively. Incubation of diaphragms was in 0.02 m 2-deoxy- 
glucose for 15 minutes at 37°. The values for 2-deoxyglucose-6-P 
are given in wmoles per ml of intracellular water and represent 
averages of four experiments each. 





! 























Blood sugar 
Insulin 
: , -Deoxy- 
Type of animal Before ; After a. donne 
ectomy ectomy 

mg/100 ml units/ml pmoles/ml 
Normal — _ 0 13.1 
_ _ 0.4 22.1 
Diabetic 393 _ 0 5.6 
305 _ 0.4 15.8 
Diabetic + adren- 376 106 0 13.3 
alectomy 430 88 0.4 23.9 

TaBLe VII 


Comparison of initial rates of penetration in intact and cut 
diaphragm preparation 

Penetration refers to the sum of free and phosphorylated intra- 
cellular 2-deoxyglucose, where applicable. The rates (Vo) are 
expressed as ymoles per ml of intracellular water per minute for 
an incubation in 0.02 m sugar at 37°. The values for p-xylose 
were calculated from first order rate constants. Those for 2-de- 
oxyglucose for normal animals were calculated from the type of 
plot illustrated in Fig. 3. The values for 2-deoxyglucose for the 
diabetic animals were calculated as indicated in the text. In 
order to convert to uzmoles per g of muscle, the numbers should be 
multiplied by 0.55 for the intact preparation. 














Initial rate Vo 
Type of animal | Sugar Without insulin | With insulin 
| 
| Intact Cut ([Intact; Cut 
pmoles/ml/min | pmoles/ml/min 
Normal...........| D-Xylose 0.10} 1.2 0.45) 3.2 
Diabetic..........] D-Xylose 0.12) 1.1 0.42) — 
Normal...........| 2-Deoxyglucose| 0.64) 1.7 1.8} 2.7 
Diabetic. .........| 2-Deoxyglucose| 0.19} (0.75)*| 1.5 | (2.4)* 
Diabetic + adren- 
alectomy......... 2-Deoxyglucose| 0.20) 1.7 1.7} 2.9 

















* Initial rate of phosphorylation. 


available for plotting. There was also considerable individual 
variation which is probably related to the differing degrees of 
severity of the diabetic state of the various animals. For these 
reasons, the values entered in Table VII for the diabetic rats 
are first approximations and were calculated in the following 
manner. 


V/V" XV%= V"% 
where V’ and V” are the rates of formation of 2-deoxyglucose- 


6-P observed at time t, and V’o and V’’» the initial rates for 
diabetic and normal animals, respectively. Thus, from Table 
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Fie. 3. The rate of 2-deoxyglucose phosphorylation in the cut 
diaphragm from normal animals. Incubation was in 0.02 m 2-de- 
oxyglucose at 37° without (top curve) and with (lower curve) the 
addition of insulin (0.4 unit per ml). 


IV for the 30- and 60-minute period, 2.5/8.4 x 0.64 = 0.19 
and 5.1/17.2 « 0.64 = 0.19. In the presence of insulin (Table 
IV) free 2-deoxyglucose accumulates in the diaphragm of dia- 
betic animals. The amount which accumulated is added to the 
2-deoxyglucose-6-P formed, since it represents penetration. 
Thus, V’o for the 30- and 60-minute period is 1.4 and 1.6, re- 
spectively (average, 1.5). In the experiments with the cut prep- 
aration (Table VI), free 2-deoxyglucose was not determined and 
for this reason initial rates for the diabetic animals in Table 
VII refer to phosphorylation rather than penetration. In the 
table these values are shown in parentheses. 

The values for initial rates of penetration in the intact dia- 
phragm show that the impaired permeability of diabetic muscle 
to 2-deoxyglucose is almost completely corrected by the addi- 
tion of insulin, whereas adrenalectomy has no demonstrable ef- 
ect on permeability. In the cut preparation of diabetic ani- 
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mals penetration is not rate-limiting, and it is therefore possible 
to detect an inhibition of phosphorylation and its release by 
adrenalectomy.® 

The extent to which the two diaphragm preparations differ 
in permeability when no insulin is present can be judged from 
the ratio, phosphorylation in the cut preparation to phospho- 
rylation in intact preparation. This ratio is 8.5 for the dia- 
betic adrenalectomized rats as compared to a ratio of 2.7 for 
diaphragms of normal rats where some endogenous insulin is un- 
doubtedly present. As might be expected and as is shown in 
Table VII, insulin has a stronger effect on the permeability of 
the intact than on the cut preparation. 

Comparison of Rates of Sugar Uptake in Vivo and in Vitro— 
Evidence has been presented that the rate of penetration of p- 
xylose in the diaphragm of the living animal is considerably less 
than the rate observed with the cut preparation in vitro (4). 
A similar conclusion can be arrived at with respect to glucose. 
In Table VIII the values for the intact animals have been cal- 
culated on the assumption that the skeletal muscles constitute 
40 per cent of the body weight, that they metabolize 40 per 
cent of the absorbed carbohydrate, and that they contain 0.61 
ml of intracellular water per g. The metabolism of an admin- 
istered load of glucose in the intact animal undoubtedly involves 
stimulation of endogenous insulin secretion, but even under these 
conditions the rate of glucose uptake in muscle is much lower 
than in the cut diaphragm preparation. The intact diaphragm 
preparation appears to be much more representative of the con- 
ditions of penetration which exist in the living animal.‘ 


8 Similar effects have been observed in diabetic rats after hy- 
pophysectomy. 

4 The cut preparation is permeable to substances such as su- 
crose, raffinose, inulin, and thiosulfate, which are normally ex- 


TaBLe VIII 
Comparison of rates of sugar utilization by muscle under conditions in vivo and in vitro 


The rates are expressed as ymoles per ml of intracellular water per minute or per equivalent weight of muscle, in the case of homog- 
enates. The values for diaphragm are for incubations in 0.01 M sugar at 37° and represent initial rates. 




















Type of preparation Experimental ‘conditions Glucose | 2-Deoxyglucose References 
pmoles/ml/min pmoles/ml/ min 
Intact rat Injection of tracer quantities of C'4-labeled 0.20 Baker et al. (12) 
glucose in fasted animals 
Intact rat Normal caloric intake; high carbohydrate 0.32 Ingle (13) 
diet 
Intact rat 4 hr of glucose absorption; terminal plasma 0.40 | Cori (14) 
sugar; 0.012 m 
Nephrectomized rat Maximal glucose load plus insulin 0.65 | Field and Cori* 
Intact diaphragm No insulin added 0.27 Kipnis and Cori (5) 
Cut diaphragm No insulin added 0.927 0.85 Kipnis and Cori (5) 
Cut diaphragm Insulin added | 1.507 1.35 Kipnis and Cori (5) 
Homogenate of rat skeletal | Optimal conditions for hexokinase activity 2.8} Long (15) 
muscle 
| 
rors Field and ...... Cori,-unpublished observations. 


+ Unpublished observations of the authors. 
t Based on a value of 18.5 mg/g/hr at 38°. 
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DISCUSSION 


Included in Table VIII is an estimate of the maximal phos- 
phorylating capacity of rat skeletal muscle as determined in ho- 
mogenates. Similar values were obtained in this labora- 
tory in homogenates of diaphragm of normal or dia- 
betic rats. It can be seen that the phosphorylating capacity 
is large in relation to the rate of penetration, and this would 
explain previous observations that free glucose cannot be dem- 
onstrated intracellularly in muscle of normal animals, even un- 
der conditions in which penetration is markedly increased, such 
as administration of glucose load plus insulin or muscular work 
(1). In the diabetic animal, on the other hand, and also in 
the fasting animal, free sugar accumulates intracellularly both 
in vivo (1) and in vitro under the influence of insulin and quickly 
reaches concentrations which saturate the phosphorylating sys- 
tem. It has been shown in this paper that the accumulation 
of free sugar is the result of a diminished rate of phosphoryla- 
tion, an effect which is dependent on pituitary-corticoadrenal 
activity. 

The role of the pituitary-corticoadrenal system in the regu- 
lation of the blood sugar level has long been recognized, but 
the point of action has not been clearly defined, mainly be- 
cause it has not been possible to differentiate between pene- 
tration and phosphorylation in intact muscle. The present re- 
sults are consistent with the hypothesis that the function of 
the cell membrane as a regulator of metabolism is under the 
influence of insulin and that the subsequent step of phosphoryla- 
tion is under the influence of the pituitary-adrenal system. Ow- 
ing to this dual control, either penetration or phosphorylation 
can become the rate-limiting process for blood sugar utilization, 
as has been demonstrated in this paper. 


SUMMARY 


1. The penetration of p-xylose has been found to differ from 
that of glucose and 2-deoxyglucose in not being diminished in 
diaphragms of diabetic rats. Dose-response curves showed that 
in the particular strain of rats used 4 to 10 times more insulin 
was required to stimulate the uptake of p-xylose than of 2- 
deoxyglucose. A possible explanation is that the amount of in- 
sulin present in the diaphragm of normal rats is insufficient to 





cluded from the cell interior (4). Based on observations with 
ferricyanide (11), the penetration of these substances appears to 
be through the cut ends of the muscle fibers. The intracellular 
penetration through a route other than the cell membrane makes 
this preparation of limited value for permeability measurements. 
Alterations have also been reported in ion (11) and amino acid 
transport (unpublished observations). 
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stimulate pentose entry, and consequently, equal rates of pene- 
tration would be observed in normal and diabetic animals. 

2. The phosphorylation of 2-deoxyglucose was diminished in 
the intact diaphragm preparation of diabetic rats (on an aver- 
age, 57 per cent), an effect which persisted for at least 4 weeks 
and was correlated to the severity of the diabetes. Since free 
2-deoxyglucose did not accumulate intracellularly, it was con- 
cluded that penetration was rate-limiting for phosphorylation 
and that there was a defect in sugar transport in diabetic mus- 
cle. When insulin was added, penetration was increased as 
shown by the accumulation of free 2-deoxyglucose, but since 
phosphorylation was not restored to normal, it was concluded 
that there was also a defect in phosphorylation in diabetic mus- 
cle. 

3. Phosphorylation in diabetic muscle could be restored to 
normal by adrenalectomy. In the intact diaphragm prepara- 
tion, where penetration is rate-limiting, an effect of adrenalec- 
tomy on phosphorylation could be shown only in the presence 
of insulin. In the cut diaphragm preparation, which is much 
more permeable to sugars, an effect of adrenalectomy on phos- 
phorylation could be demonstrated without addition of insulin. 

4. The hypothesis is presented that the regulatory control of 
the blood sugar level involves penetration of sugar into muscle 
as well as the subsequent step of phosphorylation, the former 
under the influence of insulin and the latter under the influence 
of the pituitary-corticoadrenal system. 
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Little is known regarding intestinal lipase, although its partic- 
ipation in the absorption of neutral fat from the gastrointestinal 
tract has been suggested (1). Lipolysis by intestinal enzymes 
was first established by Schiff (2) in studies with depancreatized 
dogs. Kalaboukoff and Terroine (3) later reported that glycerol 
extracts of intestinal mucosa hydrolyzed olive oil and that this 
activity was accelerated by the addition of bile salts. 

In this study, the lipase activity of intestinal mucosa has been 
examined. In order to limit the study to lipase activity, we have 
employed long chain triglycerides as substrate in the form of 
olive oil emulsions. As will be seen, the intestine also contains 
aliesterases, as judged by the rapid hydrolysis of short chain 
fatty acid esters. These enzymes would not be expected to 
interfere with lipase estimations, since, in other tissues such as 
the liver, they have been shown to be completely inactive toward 
long chain triglycerides. 

The pancreatic enzyme has generally been regarded as the 
prototype of lipases. We have therefore compared the intesti- 
nal and pancreatic enzymes with regard to substrate specificity 
and the effects of various activators and inhibitors, a number of 
which have been employed by other investigators to characterize 
esterolytic enzymes. Although the intestinal activity appears 
to be similar, in general, to that of the pancreas, it is clear that 
the enzymes involved are not identical. 

The possible participation of intestinal lipase in the intestinal 
absorption of fat is discussed. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Preparation of Substrate—For routine assay of lipase activity, 
olive oil was employed as substrate. A stock emulsion contain- 
ing 10% olive oil, 0.5% mono-fatty acid ester of polyethylene 
glycol (““Ethofat” C/15, Armour Chemical Division), 0.5% puri- 
fied soybean phosphatides (American Lecithin Company, Inc.), 
0.25% sorbitan monolaurate (“Span 20,” Atlas Powder Com- 
pany), 0.10% sodium cholate, 0.50% polyglycerol ester of fatty 
acids (‘“Demal 14,” Emulsol Corporation), and 5.0% glucose 
was prepared in a dairy homogenizer (4). The emulsifiers did 
not contribute significantly to the optical density of the reaction 
mixture and were not hydrolyzed by the enzyme preparations. 


* The work was supported by research grants from the Amer- 
ican Heart Association, Eli Lilly and Company, Indianapolis, 
Indiana, and Mid-Tennessee Heart Association, Nashville, Tenn- 
essee. 

+ Predoctoral Fellow of the United States Public Health Serv- 
ice. This work is taken from a thesis submitted in June, 1957 to 
the Vanderbilt University Graduate School in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy. 


This stock emulsion contains 0.345 meq of esterified fatty acids 
contributed by olive oil per milliliter; this is calculated with 277 
as the average molecular weight of fatty acids of olive oil. 
The emulsion remained stable throughout the reaction. 

1-Monolein (98% pure) and 1,3-diolein (95% pure) were 
kindly supplied by Dr. L. A. Goldblatt of the Southern Uutiliza- 
tion Research and Development Division, Agricultural Research 
Service, New Orleans, Louisiana. 

Determination of Fatty Acids—Microequivalents of esterified 
fatty acids were determined by Stern and Shapiro’s modification 
(5) of the hydroxylamine method of Lipmann and Tuttle (6, 7). 
Unesterified fatty acids were measured as follows. An equal 
volume of ethanol was added to the reaction mixture; the solution 
was adjusted to pH 10 to 11 with NaOH and extracted twice 
with petroleum ether to remove esterified fat. The combined 
petroleum ether extracts were in turn extracted with alkaline 
ethanol, which was added to the original ethanolic solution. The 
latter was acidified with HCl and the fatty acids liberated were 
extracted twice with petroleum ether. The extracts were com- 
bined and washed twice with 10% ethanol and evaporated to 
dryness under nitrogen. The isolated fatty acids were dissolved 
in ethanol, heated to 65°, and the solution titrated with aqueous 
0.05 n NaOH, with phenolphthalein as an” indicator. The 
ethanol concentration in the titration flask was never permitted 
to fall below 50%. 

Assay System—As shown in Fig. 1, the liberation of free fatty 
acids was proportional to the clearing of the emulsified substrate 
as measured by the decrease in optical density at 700 mu. The 
optical method proved to be most convenient for routine assay. 
The procedure was as follows. Into a 3-ml Beckman cuvette 
were pipetted 2.60 ml of Tris buffer (0.10 m, pH 9.0), 0.20 ml of 
a 1:10 dilution of the stock emulsion in the same buffer, and 0.20 
ml of enzyme solution. This amount of substrate gave a linear 
reaction rate spectrophotometrically until approximately 70% 
of the ester was hydrolyzed. The total reaction was run for 60 
minutes, during which time the optical density decreased from 
an initial 0.70 to about 0.20. 

A unit of enzyme was defined as that amount which produced 
a decrease of 0.001 optical density units per minute. 

Preparation of Cell-free Duodenal Homogenate—In a prelimi- 
nary survey, the lipase activity of mucosal homogenates of 5 
species of animals was tested. The order of decreasing activity 
was as follows: rat, hog, dog, rabbit, and cow. For further study, 
the hog intestine was chosen because of its availability in large 
quantity. Approximately the first 12 inches of hog duodenum 
were removed within about 10 minutes after the slaughter of the 
animal. Each segment was split longitudinally, washed twice 
in water, and placed on dry ice. All subsequent steps were 
carried out at 0-2° unless otherwise stated. After thawing, the 
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duodenal strips were washed 7 to 8 times in large quantities of 
tap water and then 2 to 3 times with distilled water. 

Approximately 400 g of tissue were blotted as free of water as 
possible and finely ground in an electric meat grinder. The re- 
sulting pulp was homogenized in a Waring Blendor for 1.5 min- 
utes with 4 ml of water per g of tissue. Because of its high 
viscosity, it was necessary to centrifuge at 3,500 x g for 20 
minutes to sediment the nuclei and cellular debris. The super- 
natant containing the mitochondria and microsomes, after re- 
moval of the white lipid scum, was stored at —20°. This frac- 
tion is referred to as the duodenal homogenate; its protein content 
was determined to be approximately 15 mg per ml by the method 
of Gornall et al. (8), modified to give a final NaOH concentration 
of 0.8 N. 

Effects of Enzyme and Substrate Concentrations on Lipase Ac- 
tivity—As shown in Fig. 2, the rate of lipolysis was proportional 
to the concentration of enzyme tested. The enzyme preparation 
employed was a cell-free homogenate of hog duodenum and con- 
tained 14.6 mg of protein per ml. Quantities of this homogenate 
ranging from 0.59 to 2.92 mg were employed in the usual 3 ml- 
assay system. The relationship of substrate concentration to 
enzyme activity is shown in Fig. 3. A Lineweaver-Burk plot of 
the same data produces a linear relationship with half maximal 
activity observed at 3.0 x 10-‘ moles per liter. The validity of 
calculating an affinity coefficient is of questionable value in view 
of the uncertainty regarding the physical properties of emulsions, 
especially particle size. 

Localization and Solubilization of Enzyme Activity—The spe- 
cific activities of the mitochondrial and microsomal fractions of 
duodenal homogenate were found to be 11 and 14 times higher 
than that of the soluble fraction (Table I). In order to obtain 
satisfactory differential centrifugation it was first found necessary 
to sediment all particulate matter out of the above described vis- 
cid duodenal homogenate by centrifuging twice at 25,000 x g for 
60 minutes. The pellet was then resuspended in 0.25 m sucrose, 
after which the nuclear, mitochondrial, and microsomal fractions 
were separated by conventional methods of differential centri- 
fugation (9). 

The particle-bound activity of the duodenal homogenate could 
be solubilized at alkaline pH (Fig. 4). A 2:1 dilution of blood 
serum or bovine serum albumin (0.5%) was similarly effective 
in the pH range 6.5 to 7.5. Egg albumin, a proteose-peptone 


0.605 
0.507 
0.40- 
0.307 
0.207 


0.107 


DECREASE IN OPTICAL DENSITY 








O24 Bw She £2 
FREE FATTY ACIDS LIBERATED (mEq) 

Fig. 1. Correlation of free fatty acid production with decrease 
in optical density. The reaction flask contained 260 ml of 0.10 m 
Tris buffer, pH 9.0, 20 ml of a 1:10 dilution of the stock emulsion 
in the same buffer, and 20.0 ml of duodenal homogenate. Incuba- 
tion was at 37° for 60 minutes. Aliquots of 20.0 ml were removed 


at 20-minute intervals for estimation of optical density and free 
fatty acids. 
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Fig. 2. Relationship between lipase activity and enzyme con- 
centration. Lipolytic activity was assayed by the rate of clearing 
as described under ‘‘Experimental Procedure.’’ 
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Fig. 3. Effect of substrate concentration on enzymatic activity. 
Experimental conditions were as described for the routine assay 
system except for the varying concentration of emulsion em- 


ployed. Molarity of olive oil substrate was calculated on basis 
of triolein, molecular weight of 885. 


TABLE I 
Lipase activity of duodenal homogenate fractions 











Fraction Activity Specific Yield 
Units Units/mg % 
Duodenal homogenate....... 423 1.5 100.0 
Nuclei* (600 X g)........... 0 0 0 
Mitochondria (8,000 X g).... 51 10.0 12.1 
Microsomes (25,000 X g).... 149 12.5 35.0 
Soluble (25,000 X g)......... 219 0.9 51.8 
Sum of fractions............ 419 _ 98.9 














* This fraction is the small amount of nuclear material not re- 
moved by the preliminary centrifugation of the original homog- 
enate (see ‘‘Experimental Procedure’’). 


mixture of beef heart, or heparin in concentrations ranging from 
0.25 to 1.5 mg per ml were ineffective. 

Stability of Intestinal Preparation—The lipase activity of the 
duodenal homogenate was not reduced after incubation for 24 
hours at 37° at pH 7.0. Below pH 5 and above pH 10, a signifi- 
cant loss of activity occurred within 10 minutes. Heating a 
soluble preparation at neutral pH to 55° for 4 minutes caused no 
inactivation; at 60°, however, the activity was completely de- 
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Fig. 4. The solubilization of particle-bound duodenal lipase 
activity as a function of pH. Into each of 6 centrifuge tubes were 
pipetted 5.0 ml of duodenal homogenate. The particles were 
sedimented by centrifugation for 60 minutes at 25,000 X g and the 
supernatants discarded. The precipitates were washed 5 times 
at 0° by resuspension in water and were then reconstituted to the 
original volume in 0.15 m Tris buffer with pH ranging from 5.0 to 
10.0. The pH of the mixtures remained that of the initial buffers. 
The particles were resedimented by centrifugation at 25,000 X g 
for 60 minutes and 0.2 ml of each supernatant was assayed for its 
clearing activity in the usual way in Tris buffer, pH 9.0. The pH 
of each vessel was measured after the buffer and tissue prepara- 
tions were mixed and found to be 9.0 in every case. 
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Fia. 5. Effect of pH on the clearing activity of duodenal lipase 
in the absence and presence of serum albumin. The soluble frac- 
tion of duodenal homogenate was used in order to avoid the solu- 
bilizing action of alkaline pH on the particles. 0.20 ml of enzyme 
solution was added to a series of cuvettes containing 2.60 ml of 
0.15 m Tris ranging in pH from 5.5 to 10.5 and 0.20 ml of 1% olive 
oil emulsion made up in their respective buffers. Where indi- 
cated, serum albumin (dissolved in 0.1 m sodium phosphate buffers 
similarly ranging in pH from 5.5 to 10.5) was added to a final 
concentration of 0.7%. The pH of every vessel was checked at 
the beginning and end of the experiment and found to be un- 
changed. 


stroyed in this time interval. The preparation was stable to 
90% acetone at room temperature for at least 10 minutes and 
could be frozen and stored at —20° for several months without 
loss of activity. 

Effect of pH and Temperature—As shown in Fig. 5, the optimal 
pH for intestinal lipase activity was about 9. The apparent 
absence of activity below pH 7 was an artefact due to the forma- 
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tion of insoluble free fatty acids which masked clearing in the 
assay system. This could be shown by the fact that some clear- 
ing was demonstrable below pH 7 when 0.7% serum albumin 
was present to remove free fatty acids by complex formation. 

The temperature coefficients for lipolysis were 2.0 in the range 
of 8-18°, 1.5 between 18-28° and 1.2 between 28-38°. Sizer (10) 
has reported the Qio for pancreatic lipase to be 1.3 between 20- 
30°. 

Effects of Various Activators and Inhibitors—Table II shows 
the effects of a number of activators and inhibitors on the lipase 
activities of intestinal and pancreatic preparations. 

1. A cofactor requirement for the soluble fraction of intestinal 
homogenate could not be demonstrated. The active material 
was precipitated in toto by adjusting the solution to 30% satura- 
tion (21 g/100 ml) with ammonium sulfate and to 0.20 N with 
sulfuric acid (11). The supernatant was discarded and the re- 
dissolved precipitate was found to be almost fully active. Dialy- 
sis for 24 hours against 0.02 m Tris buffer (pH 6.6) and 0.01 mu 
ethylenediaminetetraacetic acid did not cause any significant loss 
of activity. By contrast pancreatic lipase was inactivated by 
18 hours of dialysis with or without EDTA.! 

2. Fluoride did not inhibit intestinal or pancreatic lipase activ- 
ities. Hollett and Meng (12) also failed to show fluoride inhibi- 
tion of the pancreatic enzyme at the concentration employed in 
this study, although this has been reported by others (13). This 
discrepancy may be explained by the observation that fluoride 
will partially inhibit the stimulatory effect of protein on pan- 
creatic lipase. Thus, we have observed a 25% inhibition by 
2.5 < 10-* om fluoride when the pancreatic enzyme was tested in 
the presence of 1% serum albumin or as a crude homogenate. 

3. Intestinal lipase activity was completely inhibited by 2 x 
10-* m p-chloromercuribenzoate. This inhibition was readily 
reversed by 4 X 10-* m cysteine. PCMB,2 x 10-4 Mm, had no 
effect. Pancreatic lipase was only transiently inhibited by 
PCMB under the same conditions; after 5 to 10 minutes the 
clearing reaction resumed at about 60% of the control rate and 
was not inhibited when the PCMB concentration was then 
doubled. 

4. Aldridge (14) has differentiated lipases from esterases on 
the ground that the latter are inhibited by organophosphorus 
compounds, such as diethyl p-nitrophenyl phosphate (E600) in 
concentrations as low as 1 X 10-° m. Intestinal lipase activity 
was found to be relatively insensitive to this substance, in fact 
even less sensitive than pancreatic lipase. The intestinal prep- 
aration was also insensitive to eserine and atoxyl which are 
potent esterase inhibitors. 

5. Quinine has also been employed to distinguish lipases, 
which are inhibited by this substance, from esterases, which are 
unaffected (15). Intestinal lipase activity was reduced by 50% 
in the presence of 1 X 10-* m quinine. Pancreatic lipase was 
equally inhibited by about 4 of this concentration under the 
same conditions. Similarly the intestinal homogenate could be 
inhibited to a lesser extent than pancreatic lipase by acetonitrile 
and benzaldehyde. Sodium glycocholate (1 x 10-? m), which 
has been reported to activate pancreatic lipase (16), had little or 
no effect in our hands on either the intestinal or pancreatic en- 
zymes. 

6. Calcium ions (8.0 x 10-* Mm) produced a considerable stimu- 


1 The abbreviations used are: EDTA, ethylenediaminetetraace- 
tic acid; PCMB, p-chloromercuribenzoate. 
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lation of lipolysis, but this effect probably was due to the removal 
of liberated fatty acids through the formation of insoluble cal- 
cium soaps. In order to demonstrate the rate of lipolysis in 
this experiment, EDTA was added to aliquots removed at inter- 
vals from the reaction mixture and the optical density of each 
aliquot was determined. The rate of lipolysis of the reaction 
mixture containing calcium was found to be 174% that of a 
similar mixture containing no added calcium. Free fatty acids 
are known to be inhibitory to pancreatic lipase. 

7. Purified bovine serum albumin inhibited lipolysis by the 
intestinal enzyme in the alkaline pH range (Table II and Fig. 5). 
Under the same conditions, at pH 9.0, pancreatic lipase was 
stimulated approximately 5-fold. 

Possible Participation of More Than One Protein Component in 


TaBLe II 


Effects of various activators and inhibitors on intestinal 
and pancreatic lipases 

A control was run concurrently in each instance, omitting only 
the agent or particular condition under test. The source of in- 
testinal lipase was the cell-free duodenal homogenate described 
under ‘‘Experimental Procedure.”” The pancreatic preparation 
was ‘‘Steapsin’’ (Nutritional Biochemicals Corporation), pre- 
pared as a 1% solution in water, except in the test with albumin in 
which case a fresh pancreatic homogenate, diluted 36:1 with wa- 
ter, was employed; the volume of either pancreatic preparation 
added to the test system was0.10ml. Activity was assayed by the 
decrease in turbidity except in the case of quinine and calcium 
which interfere with the optical method. In these instances 
lipolysis was determined chemically by the liberation of fatty 
acids (see ‘‘Experimental Procedure’”’). The abbreviations and 
other details are explained in the text. 











Lipase tested Agents and conditions Ra socked a 
% of — 
Intestinal Dialysis 100 
EDTA (107? m) 80 
Dialysis + EDTA (10-2 m) 82 
Pancreatic Dialysis 6 
EDTA (107? m) 11 
Dialysis + EDTA (10-? m) 0 
Intestinal Fluoride, 2.5 X 10-3 m 100 
Fluoride, 2.5 X 10°? M 97 
Pancreatic Fluoride, 2.5 X 10-3 m 100 
Intestinal PCMB 2 X 10°? m 0 
PCMB 2 X 10°? m + Cys- 100 
teine 4 X 10°? mM 
Intestinal E600, 0.4 X 10-5 90 
E600, 1.3 X 10-5 80 
E600, 2.6 X 10-' m 20 
Pancreatic E600, 0.4 X 10-5 Mm 100 
E600, 1.3 10-5 u 0 
Intestinal Quinine 1.5 X 10°? M 43 
Intestinal Ca** 8.0 X 10-4 m 174 
Pancreatic Ca** 0.8 X 10-4 M 173 
Intestinal Serum albumin 0.7% 35 
Pancreatic Serum albumin 0.7% 536 
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Fic. 6. The initial lag in clearing activity of aged and partially 
purified intestinal lipase. X——X, duodenum; A——A, aged 
duodenum; A——A, aged duodenum + liver; @——®, liver; 
O——O, aged duodenum + albumin; @——®, purified duodenal 
lipase. Fresh and aged duodenal homogenates were prepared as 
described in the text. The method for partial purification of 
intestinal lipase will be described in a subsequent communication. 
Liver was homogenized in 4 volumes of 0.25 m sucrose and cen- 
trifuged at 8000 X g for 20 minutes at 0°. Where indicated, 1.1 
mg of supernatant protein or an equal amount of serum albumin 
were added to the standard test system. 


Lipase Activity—Preliminary studies suggest that the hydrolysis 
of neutral fat. by duodenal homogenate may involve more than 
one protein component. Duodenal homogenates aged for sev- 
eral months at —20° or purified about 100-fold exhibited an 
initial lag in the clearing reaction (Fig. 6). The addition of liver 
homogenate not only abolished the lag but even increased the 
initial rate of the reaction although the liver homogenate alone 
was inactive. Heated liver homogenate and serum albumin in 
the same or 7-fold quantity were inactive. Quinine (3 x 10-4 
M) accentuated the lag considerably, this inhibition being re- 
versed by the liver preparation. In order to rule out the possibil- 
ity that the lag was due to a change in the optical properties of 
the emulsion, the clearing was checked by free fatty acid titra- 
tion. The values obtained by both methods agreed closely. 

Substrate Specificity—When intestinal lipase activity was 
tested by incubating the preparation with equivalent concentra- 
tions of 1-mono-, 1,3 di-, triolein it was found that the rates of 
hydrolysis of all three glycerides were identical within the limits 
of experimental error (Fig. 7). In contrast, a preparation of 
pancreatic lipase, tested identically, showed appreciably less ac- 
tivity toward the diester and was inactive toward the monoester. 

The duodenal homogenate was inactive toward lecithin and 
cholesterol esters. s adbae 

The hydrolytic activity of the mucosal homogenate toward 
fatty acid esters of varying chain lengths was investigated. For 
this purpose 6-naphthyl esters of Cs—Cis fatty acids (17) were 
employed. The Cs ester was most rapidly hydrolyzed and ac- 
tivity decreased markedly with’ increasing chain length. Less 
than 5% of maximal activity was‘observed for chain lengths of 
14 or more carbon’ atoms (Fig!‘8))' ‘When tested individually, 
the soluble, mitochondrial, and ‘microsomal fractions showed the 
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Fig. 7. Hydrolysis of 1-mono-, 1,3-di-, and triolein by intestinal 
homogenate and pancreatic lipases. The activity of the duodenal 
homogenate is shown on the left, and the activity of the pancreatic 
preparation (steapsin, 1%) on the right. 

The substrates were emulsified as follows: 0.2 meq of ester was 
warmed with 14.0 mg of sorbitan monolaurate after which 2% 
aqueous sodium taurocholate was added in small portions to a 
final volume of 10.0 ml. After each addition of bile salt, the mix- 
ture was warmed to approximately 45° and shaken vigorously for 
several minutes. To each flask were added 1.6 ml of emulsion 
containing 32 weq of ester, 1.0 ml of 6% bovine albumin, 5.0 ml of 
0.1 m Tris buffer (pH 9.0), and either 0.6 ml of duodenal homog- 
enate or 0.10 ml of 1% ‘‘Steapsin’’ (Nutritional Biochemicals 
Corporation). Duplicate 1.0 ml-aliquots were removed at 0, 15, 
and 30 minutes, extracted with 20 ml of hot ethanol-ether (3:1), 
and analyzed for residual fatty acid ester with hydroxylamine. 
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Fic. 8. Effect of chain length on hydrolysis of 8-naphthyl fatty 
acid esters by homogenates of duodenum, pancreas, and liver. 
The pancreas and liver were homogenized for 1 minute in a Waring 
Blendor with 4 ml of water per g of tissue (0-2°). The nuclei and 
cellular debris were removed by centrifugation at 600 X g. In 
every case 2.0 ml of homogenate were mixed with 5 ml of buffered 
substrate solution, which was prepared by mixing 10 mg of sub- 
strate (dissolved in acetone) with 95 ml of 0.1 m Veronal buffer, 
pH7.4. Incubation was at 37°for1l hour. 8-Naphthyl fatty acid 
esters, Cs to Cis , were synthesized as described by Ravin and 
Seligman (17). Hydrolysis was measured by coupling the lib- 
erated 8-naphthol with tetraazotized diorthoanisidine (17). 

The “‘relative hydrolysis (%)’’ values for each tissue are rela- 
tive to the fatty acid ester showing the greatest hydrolysis for that 
tissue. The C; ester was hydrolyzed to the greatest extent by 
duodenum, pancreas, and liver and hence was designated as 100% 
in all 3 cases. 


same specificity as the whole homogenate. This pattern of sub- 
strate specificity was similar to that of the so-called aliesterases 
of liver and kidney. The interpretation of these patterns is not 
clear since the enzymes involved have not been purified. It 
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would appear most probable that the intestinal preparation is 
grossly contaminated with aliesterases. The question arises, 
however, as to why the activity toward long chain s-naphthyl 
esters is apparently so low whereas activity toward long chain 
triglycerides is readily demonstrable. It is possible that the 
long chain 6-naphthyl derivatives are poor substrates for the 
intestinal enzyme. 

In an attempt to investigate the aliesterase and lipase contents 
of the intestinal homogenate, the preparation was assayed by 
the method of Seligman and Nachlas (18) as seen in Table III. 
The clearing activity toward olive oil emulsion is shown for 
comparison. The Seligman and Nachlas method is based upon 
the proposal that aliesterase but not lipase hydrolyzes 6-naphthyl 
laurate in the absence of bile salt. In the presence of bile salt, 
on the other hand, lipase is stimulated to hydrolyze s-naphthy] 
laurate, whereas aliesterase activity is partially inhibited. Pan- 
creas was found to be very rich in both aliesterase and “lipase” 
according to these criteria and was also very active in the clear- 
ing of olive oil emulsion. The liver had 60% of the aliesterase 
activity of the pancreas per milligram of protein, but was com- 
pletely lacking in “lipase” and clearing activities. Homogenates 
of kidney, also known to be high in aliesterase content, similarly 
failed to clear olive oil. The duodenal preparation showed 
twice as much aliesterase as “lipase” activity and the specific 
activities were relatively low. As judged by this test, there was 
no longer the marked preponderance of aliesterase activity which 
was suggested by the data of Fig. 8. Furthermore, the sugges- 
tion that s-naphthyl laurate may be a poor substrate for the 
intestinal lipase receives some support in the observation (‘Table 
III) that the ratio of clearing to lipase activity was about 4:1 
for the duodenal preparation whereas it was nearly 1:1 for the 
pancreatic preparation. 


DISCUSSION 
Because of the relatively large mass of the mucosa, the total 


lipase activity of the small intestine may approach that of the 
pancreas, although the specific activity of the intestinal homog- 


Taste III 
Aliesterase and lipase activities assayed by Seligman-Nachlas 
procedure compared to clearing activity 
toward olive oil emulsion 











| Seligman-Nachlas assay 
Tissue } Clearing 

| Aliesterase Lipase 

units*/mg units* /mg units*/m tei 

protein protein 8 protein 
Pancreas | 292 209 221 
Liver 194 0 0 
Duodenum 6 3 11 











* Units of aliesterase and lipase are as defined by Seligman and 
Nachlas, whereas units of clearing are those described under ‘‘As- 
say System’’ in the present work. 

Pancreatic and liver homogenates were prepared as described 
for the experiment shown in Fig. 8. Aliesterase and lipase deter- 
minations were by the colorimetric method of Seligman and Nach- 
las (18) modified by incubation at 37° for 1 hour instead of 5. The 
amount of each sample was: (a) pancreas, 0.01 mg of protein; (6) 
liver, 0.04 mg of protein; (c) duodenum, 1.13 mg of protein. 
Clearing of olive oil was carried out in the standard way except 
for pancreas, where only 0.02 ml of the homogenate was used. 
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enate is only approximately 5% that of the similar pancreatic 
preparation. Thus, in terms of the quantity of enzyme available, 
intestinal lipase could play a significant role in the hydrolysis 
and absorption of fat. It has been shown, in fact, that 50% or 
more of ingested fat may undergo hydrolysis after ligation of the 
pancreatic duct, presumably due to the lipase content of intes- 
tinal juice (1). It is probable, however, that the principal action 
of intestinal lipase is not within the lumen of the gut but within 
the cells of the intestinal wall. Numerous observations suggest 
that lipolysis is incomplete (19) within the lumen and that 
further hydrolysis and resynthesis of triglycerides (20) occur 
during passage through the intestinal wall. The finding that 
intestinal lipase readily splits monoglycerides which, in our 
hands, are not hydrolyzed by pancreatic lipase, would be partic- 
ularly significant in this connection. In this regard Borgstrom 
(21) has observed that C-labeled palmitic acid given orally 
with olive oil to rats was randomly distributed in the 1, 2, and 3 
positions of the glycerides recovered from thoracic duct lymph. 
Because pancreatic lipase in vitro led to exchange only in the 1 
and 3 positions, he concluded that exchange at the 2 position 
took place within the mucosal cells. 

The intestinal lipase is similar to Steapsin in that it is inhibited 
by quinine but is relatively insensitive to eserine, atoxyl, and 
diethyl-p-nitrophenyl phosphate. It can be distinguished, how- 
ever, from the pancreatic enzyme by virtue of its inhibition by 
serum albumin and relative insensitivity to acetonitrile, benz- 
aldehyde, EDTA, and dialysis. Furthermore, the intestinal en- 
zyme hydrolyzes 1-monolein which, in our hands, is not attacked 
by the pancreatic lipase. 


SUMMARY 


1. The lipase activity of hog intestinal homogenate as meas- 
ured by the hydrolysis of olive oil emulsion was divided equally 
between the soluble fraction and the particulate fraction consist- 
ing of mitochondria and microsomes. The specific activity of 
the particles was 11 to 14 times higher than that of the soluble 
fraction. Particle-bound lipase could be solubilized by alkaline 
buffer or serum albumin. 

2. Intestinal lipase hydrolyzed mono-, di-, and triolein at 
dentical rates. 
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3. The enzyme was inhibited by p-chloromercuribenzoate, 
diethyl-p-nitrophenyl phosphate, quinine, free fatty acid, and 
albumin. Little or no loss of activity was observed after dialy- 
sis with or without ethylenediaminetetraacetic acid. The addi- 
tion of eserine, atoxyl, protamine, or fluoride produced no sig- 
nificant inhibition of the enzyme. The effect of these agents 
and the activity toward monolein indicate that the intestinal 
enzyme is distinct from that of the pancreas. 


4. The possible role of intestinal lipase in fat absorption is 
discussed. 
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The enzymatic carboxylation of a variety of acyl coenzyme 
A derivatives has been investigated (1-8). The saturated al- 
iphatic derivatives, acetyl, propionyl, and butyryl coenzyme A 
are carboxylated on the a-carbon to form the corresponding 
malonyl coenzyme A derivatives; i.e. malonyl (1, 2), methyl- 
malonyl (3, 4), and ethylmalonyl coenzyme A (5, 6), respec- 
tively. On the other hand, an a,8-unsaturated derivative, B- 
methylcrotonyl coenzyme A, is carboxylated on the y-carbon 
to form 6-methylglutaconyl coenzyme A (7, 8). The probable 
effect of conjugation produced by a,-unsaturation is a shift 
of the nucleophilic center from the a-carbon to the y-carbon. 

Several of these carboxylations have been shown to require 
1 mole of ATP per mole of substrate consumed (4, 7, 9) and 
involve the participation of a biotin-enzyme (2, 4, 7, 10). Un- 
til recently, ATP was believed to participate in the carboxyl- 
ation reaction by forming an enzyme-biotin-ADP (7) or an 
enzyme-biotin-phosphate (4, 10) intermediate, prerequisite to the 
formation of enzyme-biotin-CO2 (7). Recent evidence? in- 
cluding that presented in this report, indicates that neither of 
these postulated intermediates is involved. 

In the present communication, further purification of mito- 
chondrial propiony! carboxylase (4), investigation of various sub- 
strates and their carboxylation products, and studies bearing on 
the carboxylation mechanism are reported. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Acetyl-, propionyl-, butyryl-, crotonyl-, and valeryl-CoA were 
prepared from the appropriate anhydride according to the method 
of Simon and Shemin (11) and methylmalonyl- and 6-hydroxy- 
butyryl-CoA according to the method of Wieland and Rueff (12). 
Protein was determined spectrophotometrically at 280 and 260 
my (13). Carboxylase assays were conducted using the C“O, 
fixation assay described previously (4). Ammonium sulfate- 
purified propionyl carboxylase was prepared by methods de- 
scribed by Halenz and Lane (4). The fraction precipitating 
between 45 and 55% saturated ammonium sulfate was dissolved 
in sufficient 0.004 m Tris, pH 7.3, to give a protein concentration 
of approximately 10 mg (210 units) per ml and then dialyzed 
against 200 volumes of the same buffer. Coenzyme A, ATP, 
and ADP were obtained from Pabst Laboratories; avidin, specific 
activity of 2.5 units per mg (14) and yeast hexokinase, specific 
activity of 28 units per mg (15) from Nutritional Biochemicals 
Corporation; yeast hexokinase Type III, specific activity of 160 
units per mg (15) and reduced glutathione from Sigma Chemical 
Company; and DEAE-cellulose from Eastman Organic Chemi- 


* This investigation was supported by the National Science 
Foundation, Research Grant G5580.\, 


cals. Adenosine diphosphate-8-C'* and KHC"O; were pro- 
cured from Schwarz Laboratories, Inc., and Volk Radiochemical 
Company, respectively. 

Purification by DEAE-cellulose Chromatography—Propionyl 
carboxylase was purified from bovine liver mitochondrial acetone 
powder through the ammonium sulfate stage of purification as 
described earlier (4). All procedures were carried out at ap- 
proximately 2°. The final precipitate from ammonium sulfate 
fractionation was dissolved in sufficient 0.005 m potassium phos- 
phate, pH 7.0, to obtain a protein concentration of 10 mg per 
ml. After dialysis against 200 volumes of the same buffer for 
12 hours, approximately 200 mg of protein were applied to a 
column (2.5 X 25 cm) of DEAE-cellulose previously equilibrated 
with 0.005 m phosphate, pH 7.0, (16). Stepwise, gradient elu- 
tion was accomplished by placing 160 ml of 0.005 m phosphate, 
pH 7.0, in a mixing chamber attached to the column and intro- 
ducing the following buffers (all pH 7.0) into a separatory funnel 
attached to the mixing chamber: 50 ml, 0.005 m phosphate; 50 
ml, 0.05 m phosphate; 300 ml, 0.1 m phosphate; 175 ml, 0.09 u 
phosphate and 0.1 m NaCl; 100 ml,.0.08 m phosphate and 0.2 
M NaCl; and 100 ml, 0.07 m phosphate and 0.3 m NaCl. A 
flow rate of approximately 2.5 ml per minute was maintained 
and fractions (7.3 ml) were collected during elution. Ab- 
sorbance at 280 my and propiony] carboxylase activity were de- 
termined on each fraction. An aliquot (0.1 ml) from each frac- 
tion was assayed using the CO; fixation assay (4) modified to 
the extent that one-third of the usual amount of each reaction 
component and final volume was used. An aliquot (0.6 ml) of 
the incubation mixture was then plated and counted. Fig. 1 
illustrates a typical elution pattern of the enzyme. Fractions 
(Fraction Nos. 69-81) containing the highest specific activities 
were pooled and retained. The results of DEAE-cellulose 
chromatographic purification compared with those of earlier 
stages of purification are shown in Table I. Specific activities 
of 350 to 400 units (4) per mg of protein are readily obtained in 
selected peak tubes. 

Carboxylation Rates and Products of Various Acyl-CoA Deriva- 
tives—The carboxylation products of propionyl- and butyryl-CoA 
catalyzed by the bovine liver mitochondrial carboxylase system 
were shown (4, 5) to be methylmalonyl- and ethylmalonyl-CoA, 
respectively. The carboxylation of a number of other acyl-CoA 
derivatives has been investigated in a similar manner using 
dialyzed ammonium sulfate-purified carboxylase. Table II 
shows the relative carboxylation rates of the different aliphatic 
acyl-CoA derivatives. Although propionyl- and butyryl-CoA 
are carboxylated most rapidly, significant, but much slower, 
carboxylation rates were obtained for acetyl-, valeryl-, crotonyl- 
and isobutyryl-CoA. Identification of the reaction products 
also summarized in Table II, was based on paper chromatography 
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of the free acids and hydroxamates of the acyl-CoA derivatives 
formed by enzymatic carboxylation carried out in the presence 
of HC“O;-. The composition of the reaction mixture, pro- 
cedures used for the preparation and isolation of hydroxamates 
and free acids, and paper chromatographic procedure were de- 
scribed previously (4, 5). The product of acetyl-CoA carboxyla- 
tion, identified as malonyl-CoA (Table II), confirms the findings 
of Formica and Brady (1) and Wakil (2) with enzymes obtained 
from pig heart and avian liver, respectively. The carboxylation 
product of isobutyryl-CoA was tentatively identified as dimethyl- 
malonyl-CoA. Whether this compound has any metabolic 
significance is uncertain. The identity of the radioactive prod- 
ucts of valeryl-CoA carboxylation has not been established ; how- 
ever, it is certain from the R, values of the free acids that neither 
is the anticipated a-carboxylation product, n-propylmalonic acid 
(Rr value, 0.88). Similarly, the radioactive product of crotonyl- 
CoA carboxylation was not one of the anticipated possibilities 
(glutaconic, mesaconic, citraconic, or citramalic acid; Rr values, 
0.49, 0.80, 0.51, and 0.21, respectively). The Rp value of the 
radioactive reaction product of crotonyl-CoA carboxylation was 
not modified by: (a) reduction by 10% palladium on charcoal 
and one atmosphere of hydrogen (17) under which conditions 
mesaconic and glutaconic acids were reduced or (6) reaction with 
50% hydriodic acid at 180° for 1 hour. Although the nature 
of the reaction product has not been established, it is apparently 
not an unsaturated or a hydroxy compound. It seems likely 
that the primary carboxylation products of valeryl- and crotony]- 
CoA may have undergone further enzymatic reaction. 

Effect of Avidin on C4-ADP Exchange into ATP—It has been 
reported (4) that ammonium sulfate-purified preparations of 
propionyl carboxylase catalyzed an ATP-ADP exchange. Fur- 
ther investigation of this exchange revealed that the ADP-8-C™“ 
incorporation into ATP in the absence of inorganic phosphate 
was insensitive to preincubation of carboxylase with avidin (see 
Table III). The procedures used for isolating ATP following 
incubation and determining its specific activity have been de- 
scribed (4). This observation rules out the previously postulated 
mechanism (4, 10) involving the formation of an enzyme-biotin- 
phosphate intermediate before the formation of enzyme-biotin- 
CO.. Experiments on HC"O;- incorporation into methy!- 
malonyl-CoA, reported in the next section, confirm this finding. 

C'4-bicarbonate Incorporation into Methylmalonyl-CoA—To 
determine whether an “enzyme-ADP” or “enzyme-phosphate”’ 
intermediate was involved in the mechanism of carboxylation, 
an investigation of the effect of ADP and inorganic phosphate 
on the incorporation of HC“O;- into methylmalonyl-CoA, in the 
absence of propionyl-CoA, was conducted. The results, sum- 
marized in Table IV (Experiments 1 and 2) show that maximal 
HC™“O;- incorporation into methylmalonyl-CoA is dependent 
upon the presence of both inorganic phosphate and ADP. The 
small amount of incorporation in the presence of ADP alone is 
apparently due to traces of inorganic phosphate present in cer- 
tain of the reagents used. In the absence of methylmalonyl-CoA 
or carboxylase, no incorporation of HC“O;- occurred. It was 
further demonstrated, by isolation of the reaction products and 
paper chromatography with methods described earlier (4), that 
all of the radioactivity was in the form of methylmalonic acid. 
C“-bicarbonate incorporation into methylmalonyl-CoA was 
completely inhibited by avidin which leaves ‘little question 
about propionyl carboxylase being the responsible enzymatic 
activity. These observations make it appear unlikely that either 
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TABLE I 
Further purification of propionyl carboxylase from bovine liver 











Enzy- “ 
Stage of purification = Protein pom ad Yield 

ity* 

units mg hymn 4 % 
1. Aged acetone powder extract 5410 | 1040 5.2 | 100 
2. 0.45-0.55 (NH,).SO, fraction 4220 | 204 20.7 | 78 
3. DEAE-cellulose column fraction | 2100 8.7 | 245.0 | 39 

(Fraction nos. 69-81 pooled) 

















* Determined by the use of the C'O, fixation assay previously 
described (4). 


an “‘enzyme-ADP” or “enzyme-phosphate” intermediate (4, 7, 
10) is involved in the mechanism of propionyl-CoA carboxyla- 
tion. C'-bicarbonate incorporation into methylmalonyl-CoA 
was apparently a result of a reversal of the carboxylation reac- 
tion whereby propionyl-CoA was generated and made available 
for direct carboxylation. The failure of ATP to replace ADP 


and inorganic phosphate for HC“Os~ incorporation supports this 


explanation. That a reversal of the carboxylation reaction can 
occur in the presence of ADP and inorganic phosphate under 
conditions similar to these has been demonstrated (see next sec- 
tion on “Decarboxylation of Methylmalonyl-CoA”). It is also 
interesting to note that arsenate can replace phosphate for 
HC“0O;- incorporation into methylmalonyl-CoA. C'*-bicarbon- 
ate incorporation into methylmalonyl-CoA: in the presence of 
arsenate and ADP (Table IV, Experiment 3) is probably a result 
of the formation of propionyl-CoA by reversal of the carboxyla- 
tion reaction, the formation of ATP from ADP and traces of 
inorganic phosphate present in certain of the reagents used, and 
the recarboxylation of propionyl-CoA. This explanation is sup- 
ported by the fact that reversal of the carboxylation reaction 
occurs in the presence of arsenate and ADP (Table V), limited 
HC“0O;- incorporation occurs in the presence of ADP alone, and 
hexokinase almost completely inhibits HC“O;- incorporation in 
the presence of arsenate and ADP. 

Decarboxylation of Methylmalonyl-CoA—To verify the explana- 
tion that HC™O,;- incorporation into methylmalonyl-CoA oc- 
curred through a reversal of the over-all carboxylation reaction, 
direct evidence for methylmalonyl-CoA decarboxylation was 
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TaBLeE II 
Rates of carborylation and identification of carboxylation products of various acyl-CoA derivatives 
| Rp values ' 
Acyl-CoA derivative iper beur per,| Selvent syetem Free acid ene acid kel ee ee 
mg of protein®| produc 
| Reaction Authentic | Reaction | Authentic 
product compound product | compound 
pmoles | 

Propeonyl-CoA. ... 2 .5.....20.220. 26.50 | IAFf 0.76 0.77 0.37 | 0.38 | Methylmalonyl-CoA 
TER e's s:cbe cles viene 4 s-:0s 1.00 IAF 0.85 0.85 0.53 0.53 | Ethylmalonyl-CoA 
pe ree ree 1.00 | AFFt 0.75 0.75 oS UR Ethylmalonyl-CoA 
I ro Wie dclee wat eceieas% 0.26 AFF 0.25 0.26 0.18 | 0.18 | Malonyl-CoA 
bo a reas 0.13 | AFF 0.29, 0.74 — —- |; — ? 
Combet gt-OOK. isos. is. a 0.04 | AFF 0.28 —_ —_ | — ? 
Teobutyryl-Cok.:. 2. cess ese. 0.03 | AFF 0.79 0.80 —- | — Dimethylmalonyl-CoA 
Isobutyryl-CoA................ 0.03 | IAF 0.85 0.85 —- | = Dimethylmalonyl-CoA 
B-Hydroxybutyryl-CoA.......... 0.00 | _ -- } — - |- - 








* Determined by use of the CO, fixation assay (4). 


t IAF refers to the isoamy! alcohol-4 n formic acid solvent system (3). 
t AFF refers to the n-amylformate-formic acid solvent system (18). 


TaBLeE III 
Effect of avidin on the incorporation of C4-ADP into ATP 
The control system contained (in wmoles): Tris, pH 8.5, 100; 
ATP and MgCl, 2; GSH, 5; ADP-8-C" (specific activity, 485,000 
¢.p.m. per umole), 0.72. Other additions, as indicated, included 
21 units of ammonium sulfate-purified carboxylase and 15 units 
(6 mg) of avidin. Carboxylase was preincubated with avidin for 
10 minutes at 0°. Final volume,1.5ml. Incubated 30 minutes at 











37°. 
Treatment* Specific activity of isolated ATP 
c.p.m./pmole 

a A Selle a ant sae Sis ai 2,150 
3,540 
Control + carboxylase.......... 62,000 
73,500 

Control + carboxylase preincu- 
bated with avidin............. 64,700 
63 ,500 





* Each treatment conducted in duplicate. 


sought. Carboxyl-labeled methylmalonyl-CoA was prepared by 
incubating 2.0 umoles of KHC"O; (10 ucuries) with 1.0 umole 
of propionyl-CoA, 4.0 umoles of ATP and MgCls, 5.0 umoles 
of GSH, 80 umoles of Tris (pH 8.5), and 3.0 mg of ammonium 
sulfate-purified carboxylase for 20 minutes at 37°. After acidi- 
fication to pH 2 at 0°, CO: followed by nitrogen, was bubbled 
through the reaction mixture to remove unreacted HC"O;-. 
The reaction mixture was then neutralized to pH 8.5 with Tris 
and aliquots used as described in Table V to study the de- 
carboxylation of methylmalonyl-CoA. It is apparent from the 
data presented that the carboxylation reaction is readily re- 
versible since carboxyl-labeled methylmalonyl-CoA is rapidly 
decarboxylated in the presence of ADP, inorganic phosphate, 
and carboxylase. Tietz and Ochoa (9) have also demonstrated 
the reversibility of the reaction by coupling it to hexokinase and 
glucose 6-phosphate dehydrogenase. Arsenate, in the presence 


of ADP, is capable of replacing inorganic phosphate for the 
decarboxylation of methylmalonyl-CoA (Table V) as it was for 
the incorporation of HC"“O;- into methylmalonyl-CoA (Table 
IV). Decarboxylation of methylmalonyl-CoA in the presence 
of arsenate alone was apparently due to ADP present in the 
enzymatically synthesized methylmalonyl-CoA preparation. 
Arsenate has no effect on the rate of the forward reaction; i.e. 
the carboxylation of propionyl-CoA as shown in Table VI. 


DISCUSSION 


The present investigation does not support either of the 
mechanisms proposed earlier (4, 7, 10) for the events leading to 
the formation of the “enzyme-CO,” intermediate (7): 


Enzyme + ATP = enzyme-ADP + P; 


Enzyme-ADP + CO2:= enzyme-CO:2 + ADP (1) 
Enzyme + ATP = enzyme-P + ADP (2) 
Enzyme-P + CO.= enzyme-CO, + Pj; 


Enzyme-CO; + propionyl-CoA = 
(or B-methylcrotonyl-CoA) 3) 
methylmalonyl-CoA + enzyme 
(6-methylglutaconyl-CoA) 


Mechanism 1 proposed by Lynen et al. (7) seems unlikely since 
maximal HC“O;~ incorporation into methylmalonyl-CoA in the 
absence of added propionyl-CoA and ATP is not dependent 
upon the presence of ADP alone, but rather upon the presence 
of ADP and inorganic phosphate. Similarly, Mechanism 2 
proposed by Halenz and Lane (4) and Kaziro et al. (10) is un- 
likely since the addition of inorganic phosphate fails to support 
HC*0O;- incorporation into methylmalonyl-CoA, but instead re- 
quires the presence of both ADP and inorganic phosphate. It 
should be pointed out that Lynen very recently reported! that 
the exchange of P*®-inorganic phosphate into ATP catalyzed by 
B-methylcrotony] carboxylase occurs only in the presence of ADP. 

1 Report by Dr. F. Lynen at the Symposium on Metabolic Reac- 


tions Involving Biotin, 137th meeting of the American Chemical 
Society, Cleveland, 1960. 
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TaBLe IV 
Incorporation of HCO; into methylmalonyl-CoA 

The basic reaction mixture contained (in umoles): Tris, pH 8.5, 
80; MgCle, 4; KHC“O; (Experiments 1 and 2, 1,350,000 c.p.m. and 
Experiment 3, 1,800,000 c.p.m. per wzmole), 1; methylmalonyl-CoA, 
0.55; glucose, 40 (Experiment 3 only); and ammonium sulfate- 
purified carboxylase, Experiments 1 and 2, 1.5 mg and Experiment 
3, 3.0 mg. Other additions, ADP, KzHPO,, and Na:HAsO,, 4 
pmoles; ATP, Experiments 1 and 2, 4 wmoles and Experiment 3, 
0.5 umole; avidin, 9.2 mg (2.5 units per mg); and hexokinase, 10 
mg (160 units per mg) were made as indicated. Final volume, 1.6 
ml. Incubated 20 minutes at 37°. 

















HC¥“O;- 
: mco! 
“eat Additions to or deletions from the basic incubation mixture — 
0. malonic 
acid* 
c.p.m.t 
1 | None 38 
+ Pi 144 
+ ADP 470 
+P; + ADP 3,379 
+ ATP 351 
+ Arsenate + ADP 2,346 
+ Arsenate + P; + ADP 4,449 
2 None 53 
— Methylmalonyl-CoA + P; + ADP 186 
+ P; + ADP 4,984 
+ P; + ADP + avidin 34 
3 None 36 
+ Arsenate 33 
+ ADP 4,870 
+ Arsenate + ADP 22,100 
+ Arsenate + ADP + hexokinase 272 
+ Arsenate + ADP + ATP 25 ,000 
+ Arsenate + ADP + ATP + hexokinase 219 








* Acidified aliquots of the reaction mixture were plated and 
counted according to the procedure described for the CO, fixa- 
tion assay (4). 

t Average of duplicates. 


Similarly, Ochoa reported? that pig heart propionyl carboxylase 
catalyzes the exchange of C“-ADP into ATP only when in- 
organic phosphate is present and the exchange of P®-inorganic 
phosphate into ATP only when ADP is present. All of these 
observations necessitate modification of mechanisms proposed 
earlier and suggest a concerted mechanism similar to that de- 
scribed by Buchanan et al. (19) rather than a mechanism in- 
volving consecutive events. The following reaction sequence is 
consistent with these observations: 


Enzyme + ATP + CO. = enzyme-CO,2 + ADP + P; 
Enzyme-CO, + propionyl-CoA = methylmalonyl-CoA + enzyme 


SUMMARY 


Propionyl carboxylase from bovine liver mitochondria has 
been further purified by the use of diethylaminoethy] (DEAE)- 
cellulose ion exchange chromatography. 

? Report by Dr. S. Ochoa at the Symposium on Metabolic Re- 


actions Involving Biotin, 137th meeting of the American Chemical 
Society, Cleveland, 1960. 
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In addition to catalyzing the carboxylation of acetyl, propionyl, 
and butyryl coenzyme A, ammonium sulfate-purified carboxylase 
catalyzes the much slower carboxylation of isobutyryl, crotony]l, 
and valeryl coenzyme A, but not 8-hydroxybutyryl coenzyme A. 
The carboxylation products of acetyl, butyryl, and isobutyryl 
coenzyme A have been identified as malonyl, ethylmalonyl, and 
dimethylmalonyl coenzyme A, respectively. 

In the absence of added adenosine triphosphate and propionyl 
coenzyme A, ammonium sulfate-purified carboxylase catalyzes 
an incorporation of HC™“O;- into methylmalonyl coenzyme A 
which is dependent on adenosine diphosphate and inorganic 
phosphate. Arsenate significantly replaces inorganic phos- 
phate; however, adenosine triphosphate does not replace adeno- 
sine diphosphate and inorganic phosphate for HC'O,~ incorpora- 
tion into methylmalony] coenzyme A. 


TABLE V 
Decarboxylation of methylmalonyl-CoA-8-C™ 

The basic reaction mixture contained (in umoles): Tris, 8.5, 
100; GSH, 5; MgCl:, 4; methylmalonyl-CoA-3-C™ (57,600 c.p.m., 
method of preparation described in text), 0.033; and ammonium 
sulfate-purified carboxylase, 1.5 mg. Other additions, ADP, 
K,HPO, and Na,:HAsO,, 4 zmoles, were made as indicated. Final 
volume, 1.5 ml. Incubated 30 minutes at 37°. 








Additions to basic reaction mixture ee cu 

mmoles %t 

Lee eR ad Ee ae, Seer ae os aye ie (A. 0 0 
0 

Rc WEN See ete eee 1 4 
2 

Se ass ccsirew waives te Base 27 83 
28 

PN ee ee oe 8 24 
8 

ADP -+- arsenate: 64.6.6. cineuses 19 55 
17 











* Following incubation, acidified aliquots of the reaction mix- 
ture were plated and counted according to the procedure used for 
the CO, fixation assay (4). The residual radioactivity was con- 
verted to mumoles by dividing by the specific activity of methyl- 
malonyl-CoA-3-C™. 

t Average of duplicates. 


TaBLeE VI 
Effect of arsenate on carboxylation of propionyl-CoA 
The reaction mixture contained (in wmoles): Tris, pH 8.5, 100; 
propionyl-CoA, 1; ATP and MgCh, 4; GSH, 5; KHC"O;, 15; 
and ammonium sulfate-purified carboxylase, 0.05 mg. Na:HAsO, 
added as indicated. Final volume, 1.5 ml. Incubated 20 min- 
utes at 37°. 








Arsenate addition per tube HC"Os fixed per hour per tube* 
pumoles pmoles 
0 1.39 
2.0 1.35 
4.0 1.35 
6.0 1.30 








* Determined by the use of the C0; fixation assay previously 
described (4). 
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Reversal of the carboxylation reaction was demonstrated by 
following the decarboxylation of carboxyl-labeled methylmalony] 
coenzyme A in the presence of adenosine diphosphate and in- 
organic phosphate. Inorganic phosphate was replaceable by 
arsenate. Arsenate had no effeet on the rate of carboxylation of 
propionyl coenzyme A. 
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ADDENDUM—Further purification of mitochondrial pro- 
pionyl carboxylase has resulted in crystalline enzyme prepara- 
tions (specific activity of 800 units per mg of protein). Propiony] 
carboxylase constitutes approximately 35% of the protein in 
these preparations and has a sedimentation constant (Sx) of 
approximately 19. The authors are indebted to Dr. Robert Res- 
nick of National Institutes of Health for conducting the ultra- 
centrifuge experiments. 
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The evidence presented in a previous paper (2) on the con- 
version of B-methylvinylacetyl coenzyme A to acetoacetate in 
a liver enzyme system freed of enoyl hydrase led to the pro- 
posal that this substrate might undergo enzymatic isomeriza- 
tion to give 6-methylcrotonyl coenzyme A. The latter com- 
pound is carboxylated in the liver system to yield 6-methyl- 
glutaconyl coenzyme A, which is converted to acetoacetate by 
the combined action of methylglutaconase (3) and the 8-hydroxy- 
§-methylglutaryl coenzyme A cleavage enzyme (4). These find- 
ings and the observation that 6-hydroxyisovaleryl coenzyme A 
did not give rise to acetoacetate in the system freed of enoy] 
hydrase are in accord with the conclusions reached earlier by 
Lynen et al. (5, 6) as to the identity of the substrate for this 
carboxylase from a Mycobacterium. 6-Methylvinylacetyl coen- 
zyme A was not tested by these investigators, however, and the 
possibility could not be ruled out that this compound (gener- 
ated by the reversal of the proposed isomerization, for example) 
might be the actual substrate for the carboxylation. 

As described in the present paper, the occurrence of the isom- 
erase has been established and the properties of this enzyme 
partially purified from ox liver extracts have been determined.! 
The presence of this isomerase in liver carboxylase and cleavage 
enzyme preparations has been demonstrated, and enzyme prep- 
arations from a Pseudomonas grown on hexane have been shown 
to require the addition of the isomerase for the conversion of 
8-methylvinylacetyl coenzyme A to acetoacetate according to 
the reactions described above. 


EXPERIMENTAL PROCEDURE 
Materials 


8-Methylvinylacetic acid, synthesized by Dr. E. E. Dekker 
according to the method of Wagner (8), and vinylacetic acid 
(K and K Laboratories) were redistilled. §-Methylcrotonic acid 
(Sapon Laboratories) was purified by sublimation. A*-3-keto- 
steroids were kindly furnished by Dr. P. Talalay. The following 


* Supported by a grant from the United States Public Health 
Service (Grant A-993C). A preliminary report of this investiga- 
tion has been presented (1). 

t Postdoctoral Fellow of the Damon Runyon Memorial Fund. 
Present address, Department of Biological Chemistry, Univer- 
sity of Utah, Salt Lake City, Utah. 

1 The occurrence of vinylacetyl isomerase in Clostridium kiuy- 
veri extracts has been briefly reported earlier (7). Dr. H. A. 
Barker kindly provided us with information on the- unpublished 
experiments carried out .in his laboratory by R. G. Bartsch. (R. 
G. Bartsch and H. A. Barker, Arch Biochem. Biophys., in press). 


were obtained commercially: CoA (Pabst Laboratories), pante- 
theine (California Corporation for Biochemical Research), and 
2-pentenoic, 4-pentenoic, 3-hexenoic, and 2-nonenoic acids (K 
and K Laboratories). CoA thiol esters were prepared from the 
free acids by the general method of Wieland and Rueff (9). 
The concentration of solutions of 8-methylvinylacetyl-CoA, B- 
methylerotonyl-CoA, vinylacetyl-CoA;, and crotonyl-CoA was 
determined spectrophotometrically. With other thiol esters, 
CoA-sulfhydryl disappearance was determined by the method of 
Grunert and Phillips (10). 

The #-hydroxy-8-methylglutaryl-CoA, cleavage enzyme was 
partially purified from ox liver according to a procedure de- 
scribed earlier for the preparation of this enzyme from heart 
extracts (4), and crystalline enoyl hydrase was prepared accord- 
ing to the directions of Stern et al. (11) by Mr. H. R. Warner. 
The protein concentration of the enzyme solutions was deter- 
mined spectrophotometrically with a correction for the nucleic 
acid content (12). ee 


Assay for Vinylacetyl Isomerase 


Like other a,§-unsaturated thiol esters (11, 13), 6-methyl- 
crotonyl-CoA has a characteristic ultraviolet absorption spec- 
trum with maxima attributable to the thiol ester group (240 
my) and diene conjugation (266 my). 6-Methylvinylacetyl-CoA 
has a typical absorption maximum at 238 my, but exhibits no 
specific absorption in the region of 266 my other than that 
due to its adenine moiety, since a conjugated double bond sys- 
tem is lacking. The isomerase was assayed by spectrophoto- 
metric measurement at 266 my of the rate of formation of 
8-methylerotonyl-CoA from 6-methylvinylacetyl-CoA at about 
25°. The presence of enoyl hydrase in isomerase preparations 
interferes with this assay because 8-hydroxyisovaleryl-CoA, the 
product of 8-methylcrotonyl-CoA hydration (14-16), has no spe- 
cific absorption at 266 my. The following were added to a 
cuvette with a light path of 1 cm:.105 ymoles of Tris buffer, 
pH 7.8; 21 umoles of potassium Versenate, pH 7.4; 0.1 umole 
of 6-methylvinylacetyl-CoA; and the enzyme preparation, in a 
final volume of 3.0 ml. 3/’-Adenylic acid was substituted for 
the thiol ester in a control cuvette so that the initial absorb- 
ancy difference was small. The enzyme preparations were di- 
luted as necessary with 0.05 mw potassium phosphate buffer, pH 
7.4, containing 0.001 m Versene (ethylenediaminetetraacetate) 
and 1% egg albumin. Since the rate of the reaction was found 
to decrease somewhat with time, the increase in absorbancy in 
the interval from 4 to 3 minutes after addition..of the enzyme 
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erase concentration. Varying amounts of isomerase (specific 
activity, 29) were employed in the standard assay system. 





TABLE I 
Procedure for partial purification of isomerase from oz liver 











Step — Protein Units — 
ity* 
ml mg 
TE ET SR ee ae 940 | 17,000 
2. Ammonium sulfate ppt. (0-0.56 
IRE vis. 45s 650 i ai ohew co os 470 | 14,100 
S. Heated fraction. «oh <6 coccsnss 505 | 2,020 | 6,460} 3.2 
4. Extract of Mg**-ethanol ppt....| 60 186 | 5,210 | 28 
5. Ammonium sulfate ppt. (0-0.60 
qutupatiom).'s. Jaloviacttis acess 25 108 | 3,460 | 32 

















* The presence of enoyl hydrase in the preparation at Steps 1 
and 2 interferes with the isomerase assay. 


was arbitrarily used in calculating the activity. The rate of 
the reaction was roughly proportional to enzyme concentration 
over a limited range (not exceeding an absorbancy change of 
about 0.08 per 24 minutes), as shown in Fig. 1. One unit is 
defined as the amount of enzyme that catalyzes the transfor- 
mation of 1 umole of substrate per minute under the conditions 
described, and specific activity is expressed as units of enzyme 
per milligram of protein. 


Preparation of Isomerase and Carboxylase 


The steps employed in the purification procedure for the isom- 
erase are summarized in Table I. The following operations 
were carried out at 0° unless otherwise indicated. The buffer 
used throughout was 0.05 m potassium phosphate, pH 7.4, con- 
taining 0.001 m potassium Versenate. 

Extraction—A 100-g portion of frozen ox liver? was cut into 


2 Extracts were routinely prepared from livers of dry-fed ani- 
mals since extracts from livers of several pasture-fed animals were 
found to be much lower in isomerase activity. 
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small pieces and homogenized in 400 ml of buffer for about 
3 minutes in a Waring Blendor. The resulting suspension was 
diluted by the addition of 500 ml of buffer and stirred mechan- 
ically for 15 minutes. The precipitate obtained upon centrifu- 
gation for 20 minutes at 20,000 x g was discarded. 

First Ammonium Sulfate Fractionation—The extract was 
brought to 0.56 saturation by the addition of 35 g of ammonium 
sulfate per 100 ml (initial volume). The salt was added over 
a period of 15 minutes, stirring was continued for 15 minutes, 
and the precipitate collected by centrifugation at 20,000 x g 
was dissolved in buffer to one-half the volume of the original 
extract. 

Heat Denaturation—The solution, in 200-ml portions, was 
swirled rapidly in a 500-ml flask in a boiling water bath until 
the temperature of the solution reached 69°. The resulting 
slurry was cooled at once in an ice bath and the heavy pre- 
cipitate was removed by centrifugation. The combined precipi- 
tates were washed with a small volume of buffer and immediately 
centrifuged, and the supernatant solutions were combined and 
dialyzed overnight against 4 liters of buffer. The buffer solu- 
tion was replaced after 4 hours. The preparation was free of 
enoyl] hydrase at this stage. 

Mg*+*-Ethanol Fractionation—To 100-ml portions of the di- 
alyzed solution at 0°, 100 ml of absolute ethanol at room tem- 
perature were added with stirring over a period of 4 minutes. 
The mixture, now at about 25°, was stirred for 4 minutes at 
room temperature and subsequently in an ice bath until the 
temperature dropped to 5°. The heavy precipitate obtained 
upon centrifugation at 20,000 x g for 10 minutes was discarded, 
and 2 ml of m magnesium chloride were rapidly added to the 
solution with stirring. Stirring was continued for 4 minutes, 
the mixture was centrifuged, and the supernatant solution was 
discarded. The precipitate was stirred by hand for a few min- 
utes with 12 ml of phosphate-Versene buffer and centrifuged, 
and this operation was repeated with 2 ml‘of buffer. The pre- 
cipitate was then discarded and the combined supernatant so- 
lutions were used in the next step. 

Second Ammonium Sulfate Fractionation—To the Mg*t- 
ethanol fraction, 1.5 volumes of saturated ammonium sulfate 
solution were added, and the mixture was stirred for 15 minutes 
and centrifuged. The precipitate was dissolved in 20 ml of 
buffer and dialyzed overnight against 2 liters of buffer. The 
purified preparation was found to retain almost full activity for 
months when stored frozen or at 5°. 

Since the isomerase cannot be assayed in the presence of enoyl 
hydrase, the specific activities of the crude extract and first 
ammonium sulfate precipitate are not known. Assuming that 
little of the enzyme is lost in Steps 2 and 3, however, the maxi- 
mal over-all purification of the isomerase from the extract would 
be about 80-fold. Specific activities as high as 60 have been 
obtained by this procedure. 

Bacterial Carboxylase—A soil organism which oxidizes hexane 
has recently been isolated by enrichment culture technique by 
Dr. James N. Baptist in this laboratory. Extracts of this or- 
ganism® are unusually rich in B-methylcrotonyl-CoA carboxylase 
and are readily freed of enoyl hydrase and vinylacetyl isomerase. 
Cells grown in the presence of hexane (5.7 g, wet weight) were 
ground with 15 g of alumina and extracted for 20 minutes at 0° 

3 Dr. J. B. Davis of the Magnolia Petroleum Company has 


kindly examined this organism and tentatively identified it as a 
strain of Pseudomonas oleovorans. 
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with 16 ml of 0.1 m phosphate buffer, pH 7.8. The extract was 
centrifuged and nucleic acids were precipitated by treatment 
with protamine sulfate. Ammonium sulfate was then added to 
31% saturation. The resulting precipitate, containing the 
carboxylase, was free of enoyl hydrase. Vinylacetyl isomerase 
was almost completely removed from the preparation by further 
treatment with bentonite and alumina Cy gel. The data in 
Table II indicate that acetoacetate formation from 6-methyl- 
crotonyl-CoA in the bacterial carboxylase system is dependent 
upon the addition of ATP, Mg*+, and bicarbonate, as in the 
liver system studied earlier. Since no precautions were taken to 
exclude carbon dioxide from the reagents, partial activity is ob- 
served without added bicarbonate. 


Spectrophotometric Evidence for B-Methylvinylacetyl- 
CoA Isomerization 


As shown in Fig. 2 (Curve 1) the addition of the purified isom- 
erase to 8-methylvinylacetyl-CoA results in a rapid increase 
in absorption as the double bond moves into conjugation with 
the thiol ester. The further addition of crystalline enoyl hydrase 
gives the expected drop in absorption as 6-methylcrotonyl-CoA 
is hydrated to give 6-hydroxyisovalery] CoA. Curve 2 indi- 
cates that the addition of the hydrase alone to 6-methylviny]- 
acetyl-CoA gives no significant amount of 8-methylcrotony|l-CoA 
within 5 minutes. The subsequent addition of the isomerase 
gives a transient rise in absorption as B-methylcrotonyl-CoA is 
formed; the product is then hydrated, giving about the same 
final absorbancy as in the first experiment. From these results 
it is clear that the isomerase possesses no hydrase activity and 
that §-hydroxyisovaleryl-CoA therefore cannot be an inter- 
mediate in the isomerization. Furthermore, enoyl hydrase ap- 
pears not to function as an isomerase in these experiments, the 
possible significance of which is discussed below. 

A similar study was carried out with 6-methylcrotonyl-CoA 
as the substrate. Curve 1 in Fig. 3 shows there is no change in 
absorbancy upon the addition of the isomerase, thereby indicat- 
ing that the isomerization reaction is not readily reversible. The 
further addition of the hydrase results in rapid conversion of the 
substrate to B-hydroxyisovaleryl-CoA with accompanying loss 
in absorption. Curve 2 indicates that, as known from previous 
studies, enoyl hydrase rapidly hydrates 6-methylcrotonyl-CoA, 
and that under these conditions the subsequent addition of the 
isomerase is without effect. As expected, the absorption spec- 
trum of the product has been found to be identical with that of 
B-methylerotonyl-CoA. 


Use of Isomerase in Determining Substrate Specificity of 
B-Methylcrotonyl-CoA Carboxylase 


As stated above, the apparent activity of 86-methylvinyl- 
acetyl-CoA in the chicken liver carboxylase system freed of enoyl 
hydrase by treatment with p-chloromercuribenzoate led to the 
finding of vinylacetyl isomerase. In partially purified liver 
preparations the isomerase is less sensitive than the hydrase to 
this sulfhydryl agent and furthermore, unlike the hydrase (16), 
is reactivated by the low concentrations of glutathione routinely 
added to maintain the activity of the cleavage enzyme (2). The 
ox liver cleavage enzyme and chicken liver carboxylase prepara- 
tions treated with 10-* m p-chloromercuribenzoate, as in those 
studies, exhibit isomerase activity in the spectrophotometric 
assay system. This activity, which is enhanced by further 
incubation with 0.002 m glutathione, is in large excess of that 
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TaBLe II 
Requirements for bacterial carboxylase system 

The complete system contained bicarbonate (70 nmoles), Ver- 
sene (0.8 umole), magnesium chloride (8 umoles), ATP (0.8 umole), 
glutathione (1.5 uwmoles), $-methylcrotonyl-CoA (0.8 umole), 
bacterial 0 to 31% ammonium sulfate fraction (0.16 mg of pro- 
tein), and ox liver cleavage enzyme (0.08 mg of protein) in a final 
volume of 0.5 ml. Incubation, 30 minutes at 38°. Acetoacetate 
was determined by the method of Walker (17). 








System Acetoacetate formed 
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Fig. 2. 6-Methylcrotonyl-CoA formation and disappearance as 
a function of time. The ascending portion of Curve 1 indicates 
the conversion of 8-methylvinylacetyl-CoA to 6-methylcrotonyl- 
CoA upon the addition of the isomerase preparation (0.62 ug of 
protein) to a cuvette containing 0.1 umole of 6-methylvinylacetyl- 
CoA, 90 umoles of Tris buffer, pH 7.4, and 21 umoles of Versene in 
@ final volume of 3.0 ml. The subsequent addition of 0.05 ug of 
crystalline enoyl hydrase (at Arrow H) resulted in the conversion 
of the 6-methylcrotonyl-CoA to 6-hydroxyisovaleryl-CoA with a 
corresponding drop in absorption. Curve 2 indicates that in a 
similar experiment, in which the hydrase was added first, no p- 
methylcrotonyl-CoA was formed within 5 minutes; the subsequent 
addition of the isomerase (at Arrow J) resulted in only a slight 
rise in absorbancy. 


required to account for the conversion of B-methylvinylacetyl- 
CoA to B-methylerotonyl-CoA in the earlier experiments. 
Attempts to free the liver carboxylase of the isomerase have 
not yet proved successful. On the other hand, a direct demon- 
stration that the isomerization of 6-methylvinylacetyl-CoA to 
B-methylcrotonyl-CoA must precede the carboxylation reaction 
was possible with the use of the Pseudomonas carboxylase free 
of enoyl hydrase and the isomerase (Table III). Since the ox 
liver cleavage enzyme preparation employed contained these 
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Fig. 3. 8-Methylcrotonyl-CoA disappearance as a function of 
time. As shown in Curve 1, the addition of the isomerase (0.62 ug 


of protein) to 0.1 umole of 8-methylcrotonyl-CoA, 90 umoles of 
Tris buffer, pH 7.4, and 21 umoles of Versene (in a final volume of 
3.0 ml) caused no drop in absorption, thereby indicating that 
8-methylvinylacetyl-CoA was not formed. As expected, the sub- 
sequent addition of 0.05 ug of crystalline enoyl hydrase (at Arrow 
H) caused an immediate drop in absorption as 8-methylerotonyl- 
CoA was converted to 8-hydroxyisovaleryl-CoA. Curve 2 shows 
an immediate drop in absorption when the hydrase was added 
first, with the further addition of the isomerase (at Arrow I) 
having no further effect. 


TaBLeE III 


Identification of thiol ester carbozylated 
by bacterial preparation 

Bicarbonate, Versene, magnesium chloride, ATP, glutathione, 
thiol ester, and the carboxylase preparation were incubated for 
30 minutes at 38°. The reaction mixtures were deproteinized by 
heating 45 seconds at 100° and then incubated with glutathione 
and ox liver cleavage enzyme preparation (containing glutacon- 
ase) for 30 minutes. The various components were at the same 
concentrations as in Table II, except that the bacterial carboxy]l- 
ase had been purified through the alumina Cd step (see text) and 
0.02 mg of protein was used. 














Experiment Additions to complete system Lanny eet 

umole 

1. 8-Methylerotonyl-CoA 0.097 
8-Hydroxyisovaleryl-CoA 0.007 

2. B-Methylcrotonyl-CoA 0.080 
8-Methylvinylacetyl-CoA 0.017 
8-Methylvinylacetyl-CoA + isomerase (spe- | 0.079 

cific activity 41; 70 ug of protein) 





interfering enzymes, it was necessary to carry out the carboxyla- 
tion step first, and after inactivating the carboxylase to convert 
the carboxylation product to acetoacetate with the cleavage 
enzyme preparation. The results indicate that the pseudomonad 
8-methylerotonyl-CoA carboxylase, like the preparations from a 
Mycobacterium (5, 6) or from chicken liver (2), are without 
activity on B-hydroxyisovaleryl-CoA. It is of particular interest 
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that this bacterial preparation has no significant activity with 
8-methylvinylacetyl-CoA until supplemented with the isomerase 
to permit formation of the true substrate. 


Properties of Vinylacetyl Isomerase 


Distribution—Although the presence of enoy] hydrase in crude 
extracts from animal tissues has prevented accurate determina- 
tion of the isomerase activity, evidence has been obtained for the 
occurrence of this enzyme in heart and kidney as well as.liver. 
The following specific activities were determined in extracts 
heated in a boiling water bath to 75°, chilled, and centrifuged to 
remove denatured protein: ox. liver extract, 1.3; chicken liver 
extract, 0.5; dialyzed alcohol-potassium chloride extract of pig 
heart (4), 0.06. A dialyzed alcohol extract of pig kidney largely 
free of enoyl hydrase contained the isomerase at a specific ac- 
tivity of 0.03. The isomerase is present in crude extracts of the 
Pseudomonas as described above (specific activity 0.02), but 
could not be detected in extracts of a variety of other micro- 
organisms or of certain plants. It should be noted that a similar 
isomerase has been found earlier in extracts of Clostridium 
kluyveri (7). 


Substrate Specificity—When various compounds were tested 


at 3 < 10-° m concentration in the usual spectrophotometric 
assay system at 266 mu, the following relative activities were 
determined: $-methylvinylacetyl-CoA, 100; vinylacetyl-CoA, 
100; 3-hexenoyl-CoA, 10; -vinylacetyl pantetheine; 0.1; 4 
pentenoyl-CoA, 0. Since the molar extinction coefficient. of 
crotonyl-CoA is less than that of B-methylcrotonyl-CoA (6.5 x 
10° and 11.3 x 10%, respectively (18)), it appears that vinyl- 
acetyl-CoA is the better substrate under the conditions employed. 
Neither free 8-methylvinylacetic acid nor its ethyl ester is 
isomerized as judged by a similar assay at 220 mu. 5-Andro- 
stene-3,17-dione, 5-cholestenone, and 5-pregnene-3,20-dione 


were not attacked by this enzyme, which is therefore distinct 


from the isomerase described by Kawahara and Talalay (19). 
No evidence could be obtained for reversal of the reaction by 
incubating crotonyl-CoA or §-methylcrotonyl-CoA with the 
enzyme, and only a slight decrease in absorption was noted with 
2-pentenoyl-CoA or 2-nonenoyl-CoA. 

Inhibitors—No evidence has been obtained that a cofactor is 
required in the action of the isomerase. Neither prolonged 
dialysis nor treatment with charcoal diminishes the activity of 
the enzyme. The enzyme activity seems not to be affected by 
the buffer used and is not influenced by the presence of Versene 
or high Na*+ or K* concentrations. Certain sulfhydry]-binding 
agents were found to be inhibitory to the isomerase. When the 
enzyme (specific activity 53), at a protein concentration of 4 mg 
per ml in 0.05 m phosphate buffer (pH 7.4)-0.001 m Versene, 
was incubated for 15 minutes at 0° with these agents and then 
diluted in 2% egg albumin and assayed in the usual manner, 
the following results were obtained: 10-4 and 3 x 10~ m p- 
chloromercuribenzoate, 30 and 60% inhibition; 5 xk 107 
N-ethylmaleimide, 50%; 0.1 m iodoacetate, no inhibition. — As 
evidence that the drop in rate as the isomerization reaction 
proceeds may be due to product inhibition, the addition of 3 xX 
10-5 m 8-methylerotonyl-CoA gave about 50% inhibition in the 
usual assay system containing 3 x 10-* m 8-methylvinylacetyl- 
CoA; the thiol esters used in this experiment had been purified 
by paper chromatography (20). 

Physical Constants—The plot in Fig. 4 indicates the activity 
of the isomerase in buffers of varying pH. The enzyme: has 
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Fic. 4. Isomerase activity as a function of pH. The assay de- 
scribed in the text was used with isomerase (0.15 ug of protein; 
specific activity 46) and 105 wmoles of the buffers indicated: A, 
acetate; O, phosphate; 1, Tris; X, glycine. 


activity over a broad pH range, with maximal activity at pH 
8 to 9. No isomerization was noted by the spectrophotometric 
assay method at any of these pH values before the addition of 
the enzyme. The K,, values for vinylacetyl-CoA and 6-methyl- 
vinylacetyl-CoA are both about 6 « 10-5 m. 


DISCUSSION 


The following scheme accounts for the evidence presently 
available on the metabolic conversion of isovaleryl-CoA and 
related compounds to acetoacetate: 
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a ,B-unsaturated and then to the 8-hydroxy thiol esters. Since 
the hydrase interferes strongly with the spectrophotometric assay 
for the isomerase, it has not been possible to test this proposal. 

The spectrophotometric data which have been obtained rule 
out the possibility that the isomerase acts by.a hydration mech- 
anism, 6-methylvinylacetyl-CoA — 86-hydroxyisovaleryl-CoA = 
8-methylerotonyl-CoA, unless the hydroxy thiol ester occurs 
only bound to the enzyme. A similar process involving sulfhy- 
dration and desulfhydration has been proposed for the action of 
isopentenyl pyrophosphate isomerase by Agranoff et al. (23). A 
reaction of this type apparently does not occur with A*-3-keto- 
steroid isomerase, however, for, as recently shown by Kawahara 
and Talalay (19), no deuterium was found in the product when 
the steroid isomerization was carried out in DO. . Preliminary 
experiments on the mechanism of the vinylacetyl isomerase re- 
action indicate that tritium is not incorporated into the acyl 
portion of §-methylerotonyl-CoA when #-methylvinylacetyl- 
CoA is isomerized in tritium oxide,‘ suggesting that an internal 
hydrogen transfer may be involved. 

The function of the isomerase is not clear, since the biological 
formation of 8-methylvinylacetyl-CoA or other 6 ,y-unsaturated 
acyl thiol esters has not been demonstrated: It is suggested 
that the isomerase may function in the metabolism of acids such 
as oleic, linoleic, etc. Degradation of the CoA esters of such 
acids by removal of acetyl-CoA units, as is now established for 
saturated acyl-CoA esters, would furnish A*-acyl thiol esters. 


Isovaleryl-CoA 
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p-Methylvinylacetyl-Coa —somerase)_, 
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Before this study, the possibility could not be ruled out that 
B-methylvinylacetyl-CoA (2, 21, 22), rather than $-methyl- 
crotonyl-CoA, is the actual substrate carboxylated. It is now 
evident, however, that the action of the isomerase permits 
B-methylvinylacetyl-CoA to enter the series of metabolic re- 
actions already known for the conversion of 6-methylcrotony]- 
CoA to acetoacetate. 

Stern and del Campillo (16) have presented evidence for the 
conversion of vinylacetyl-CoA and 3-hexenoyl-CoA to the 
corresponding 6-hydroxyacy] thiol esters by the action of crystal- 
line enoyl hydrase from ox liver, and have proposed that the 
hydrase acts as a positional isomerase. In view of the findings 
in the present paper, an alternative suggestion may be con- 
sidered that crystalline hydrase preparations contain traces of 
the isomerase and that the combined action of the two enzymes 
leads to the conversion of 8,7-unsaturated thiol esters to the 


The action of the isomerase might then be required to furnish 
A’-acyl thiol esters capable of undergoing further known reac- 
tions such as reduction or hydration. 


SUMMARY 


1. Vinylacetyl isomerase, which catalyzes the following re- 
action, has been partially purified from ox liver extracts: 


8-Methylvinylacetyl-coenzyme A — 8-methylcrotonyl-coenzyme A 


The properties of this enzyme, which also acts on vinylacetyl-co- 
enzyme A (CoA) and to a lesser extent on certain other 8 ,y-un- 
saturated thiol esters, have been determined. 

2. Previous studies on the metabolism of 6-methylcrotonyl- 
CoA have not ruled out the possibility that isomerization to 


‘H. C. Rilling, J. E. Christner, and M. J. Coon, unpublished 
data. 
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8-methylvinylacetyl-CoA, by the reverse of the reaction above, 
might precede carboxylation. With isomerase-free carboxylase 
preparations from a hydrocarbon-utilizing Pseudomonas, it has 
now been shown, however, that 8-methylcrotonyl-CoA is car- 
boxylated directly. 

3. As proposed earlier, the presence of the isomerase in a liver 
carboxylase system accounts for the formation of acetoacetate 
from 6-methylvinylacetyl-CoA. 


Acknowledgment—The authors wish to acknowledge the tech- 
nical assistance of Rachel K. Levenberg. 
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Biosynthesis of Fatty Acids 
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The requirement for bicarbonate in the incubation medium 
for the conversion of octanoic acid to stearic acid by slices of 
liver tissue was reported some 10 years ago (1). Furthermore, 
the inclusion of bicarbonate in the homogenizing medium per- 
mitted the preparation of a consistently active enzyme system 
from pigeon liver which catalyzed the conversion of acetate or 
acetyl coenzyme A to long chain fatty acids (2). The signifi- 
cance of these observations was not fully realized until the com- 
plete dependence of fatty acid synthesis on the presence of 
HCO;-, adenosine 5’-triphosphate, and Mg++ or Mn++ (3, 4), 
in addition to acetyl coenzyme A, was demonstrated. The re- 
quirement for CO: for fatty acid synthesis was also demonstrated 
in an enzyme system obtained from avocado (5), intact yeast 
(6), and cell-free preparations of yeast (7). 

The finding that HC“O;- was not incorporated into long chain 
fatty acids by enzyme systems which require the presence of 
CO: (3, 4) suggested that acetyl-CoA was first carboxylated to 
malonyl-CoA. Accordingly, malonyl-CoA was synthesized and 
was found to be a required precursor for the synthesis of long 
chain fatty acids in an enzyme system obtained from pigeon 
liver tissue (8). The enzymatic carboxylation of acetyl-CoA 
was demonstrated soon thereafter (7, 9, 10), and the participa- 
tion of this reactant in fatty acid synthesis was fully confirmed 
(11-13). 

The original demonstrations of the conversion of malonyl-CoA 
to long chain fatty acids (8) were performed with crude enzyme 
preparations obtained from pigeon liver which catalyzed the re- 
duction of acetyl-CoA by TPNH to acetaldehyde. This finding 
led to the tentative proposal that elongation of the carbon chain 
of fatty acids might occur by reduction of acyl-CoA derivatives 
to the respective aldehydes, followed by condensation between 
the carbonyl carbon of the aldehyde with the methylene carbon 
of malonyl-CoA (8). Experiments with purified enzyme prepa- 
rations indicate that such a mechanism is probably incorrect. 
It is the purpose of the present communications to report the 
results obtained with purified enzyme preparations which afford 
a clearer insight into the nature and the sequence of reactions 
that occur in the biosynthesis of long chain fatty acids. 


EXPERIMENTAL PROCEDURE 
Materials 
Preparation of Substrates—Malonyl-1 ,3-C'*-CoA was synthe- 


sized from labeled malonic acid via the monothiopheny] ester of 
malonic acid (14). After purification of the product by paper 


chromatography, malonyl-C'-CoA of 96% purity was obtained 
with an over-all yield of 18 to 27%. Other derivatives of CoA 
were prepared according to conventional procedures with the 
respective acid anhydrides (15), mixed anhydrides of ethyl for- 
mate (16), or diketene (17). 

Malonic acid-1,3-C™ was obtained from Isotopes Specialties 
Company. Other labeled short chain fatty acids, DPNH, 
TPNH, CoA, and hexokinase were purchased from commercial 
sources. Octenoyl-CoA was a gift from Dr. Feodor Lynen. 
Glucose-1-H* was generously supplied by Dr. John M. Lowen- 
stein. Glucose 6-phosphate dehydrogenase was prepared ac- 
cording to Kornberg (18). 


Methods 


Microdecarborylation Procedure—The decarboxylation of long 
chain fatty acids was accomplished via the Schmidt reaction by 
adapting the method of Phares (19) to a suitable micro scale. 
The radioactive samples obtained from the incubation mixtures 
were evaporated to dryness from ethanol in an even layer on the 
bottom of pharmaceutical multiple dose vials which had been 
modified by sealing glass wells to the center of the bottom (20). 
Then 50 mg of sodium azide were added and the flasks closed 
with a self-sealing rubber stopper which was held in place by an 
aluminum cap. A mixture of 1 part of fuming H.SO, and 3 
parts of concentrated H.SO,, 0.5 ml, was injected into the main 
compartment. The mixture was heated with gentle shaking 
for 1 hour at 70°, chilled in an ice bath, and 0.3 ml of a 1 m 
solution of the free base of p-(diisobutyleresoxyethoxyethyl)di- 
benzylammonium chloride (Hyamine) in methanol (21) was 
injected into the center well. Absorption of the CO. was car- 
ried out with gentle shaking at 37° for 35 minutes. The Hya- 
mine solution was transferred to the appropriate toluene-phos- 
phor solution for radioactivity determination with a liquid 
scintillation spectrometer. The recovery of CO, from palmitic 
acid-1-C™ ranged from 93 to 105% in 10 experiments. 

Degradation of Tritiated Fatty Acids—Stepwise degradation of 
palmitic acid was carried out by modifying the procedure de- 
scribed by Anker (22). The critical step for the present investi- 
gations was the oxidation of the long chain alcohol containing 1 
carbon atom less than the parent acid. It was found that the 
chromic acid oxidation method developed by Pattison et al. (23) 
effected the quantitative oxidation of the alcohol to the respec- 
tive acid. Accordingly, 5 to 7 mg of the recovered alcohol were 
taken up in 0.2 ml of glacial acetic acid to which was added 
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Fic. 1, Gas chromatographic analysis of the methyl esters of 
the products obtained in the first degradation sequence of palmitic 
acid. A 6-foot X 4-mm column of 16% ethylene glycol succinate 
polyester on Chromosorb W (Applied Science Laboratories, Uni- 
versity Park, Pennsylvania) wasemployed. The temperature was 
182° and the flow rate was 120 ml per minute. The arrows show 
the retention times of methyl esters of fatty acids. The chain 


length of these fatty acids is indicated by the numbers above the 
arrows. 


0.08 ml of a solution of 100 mg of CrO; per ml in 90% acetic 
acid. The mixture was allowed to stand overnight at room 
temperature. It was then extracted 2 times with 2 ml of pe- 
troleum ether (b.p. 37-39°). The combined extracts were back- 
washed twice with 0.15 ml of water which was combined with 
the original acidic. residue. The mixture was made alkaline 
with 0.6 ml of 9 Nn NaOH. The final volume was 1.1 ml. The 
water was recovered by distillation and. the radioactivity was 
determined after dissolving the water in 15 ml of the naphtha- 
lene-dioxane scintillation mixture described by Werbin et al. 
(24).. The completeness of the degradative procedure was con- 
firmed by gas chromatography of the methyl esters of the reac- 
tion products. The authors are indebted to Dr. Charles Sweeley 
of the National Heart Institute for these analyses. A rep- 
resentative determination of the conversion of palmitic acid to 
pentadecanoic acid is shown in Fig. 1. 


RESULTS 


Preparation of Enzyme—The enzymes required for the bio- 
synthesis of long chain fatty acids are found in the supernatant 
solution of cell-free preparations of liver tissue centrifuged at 
100,000 x g (25, 26). The initial specific activity was consider- 
ably greater if the supernatant solution from suitably homoge- 
nized tissue was used rather than the suspension obtained with 
a Waring Blendor. Accordingly, enzymes were isolated from 
rat liver tissue which was disrupted in 2 volumes of 0.1 m po- 
tassium phosphate buffer (pH 7.0) with an all glass TenBroeck 
homogenizer. The heavier particles were sedimented by cen- 
trifugation at 25,000 x g for 30 minutes and the supernatant 
suspension was further centrifuged at 100,000 x g for 1 hour. 

Solid ammonium sulfate was added to the 100,000. x g super- 
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natant solution, and the protein precipitating between 30 and 
40% saturation was redissolved in 0.05 m potassium phosphate 
(pH 7.0). The enzyme was then treated with calcium phos- 
phate gel with a gel to protein ratio of 3.9:1. The gel was 
washed with water, 0.01, and 0.02 m potassium phosphate solu- 
tions (pH 7.0), and the fatty acid-synthesizing enzymes were 
eluted with 0.05 m potassium phosphate solution containing 
0.001 m reduced glutathione. The eluate was diluted with an 
equal volume of water, and an aliquot of alumina gel Cy was 
added equal to the amount of protein. The fatty acid-synthe- 
sizing enzymes remained in the supernatant solution and were 
subsequently adsorbed on alumina gel Cy by the addition of 
another similar aliquot of gel. The fatty acid-synthesizing en- 
zymes were eluted with 0.05 m potassium phosphate (pH 7.0) 
containing 0.001 m reduced glutathione. The amount of fatty 
acid synthesized by these preparations was proportional to the 
amount of enzyme employed in the incubation mixtures. The 
enrichment achieved with the use of these procedures was 580- 
fold over the initial soluble supernatant solution. The purifi- 
cation obtained in the individual steps and the respective yields 
are summarized in Table I. 

Properties of Purified Enzyme—The ratio of absorbancy of the 
enzyme solution at 280 my to that at 260 mu was 1.5. The en- 
zymatic activity was considerably stabilized by the addition of 
reduced glutathione. The enzyme was activated by the addi- 
tion of 2-mercaptoethanol and particularly by the dithiol, 2,3- 
dimercaptopropanol (27). Catalytic activity in the frozen state 
diminished by a factor of 10% per day. The preparation was 
free of glutathione reductase, but contained a variable amount 
of 8-ketothiolase. The most highly purified fraction still ex- 
hibited strong malonyl-CoA decarboxylase activity. 

The product of the enzymatic synthesis was identified by gas 
chromatography of the methyl esters obtained from the pe- 
troleum ether extracts of the acidified reaction mixtures. The 
petroleum ether was evaporated to dryness and the residue was 
refluxed for 30 minutes with 1 ml of 2% H.SO, in methanol. 
The mixture was cooled, diluted with 1 ml of water, and ex- 
tracted 3 times with 2 ml of n-hexane. The hexane solution 
was dried over anhydrous Na,SO, and subsequently concentrated 
to 0.1 ml. The conditions of gas chromatography were the 
same as described in Fig. 1. The separated methyl esters were 
recovered and counted. Under these conditions, 81 to 87% of 
the radioactivity was found in methy] palmitate in confirmation 
of the observations of Porter and Tietz (28). The authors wish 
to thank Dr. Arthur Karmen and his associates in the National 
Heart Institute for the gas chromatography determinations. 

The observation that crude extracts of pigeon liver catalyzed 
the reduction of acetyl-CoA with TPNH prompted an examina- 
tion of the preparations obtained from rat liver for the presence 
of a reaction of this nature. In the course of purifying the en- 
zyme system from rat liver, specific enzymes for both DPN 
and TPN were found which catalyzed the CoA-dependent oxi- 
dation of acetaldehyde (Fig. 2). The TPN-specific CoA-de- 
pendent dehydrogenase was eluted from the Cas3(PO,)2 gel by 
washing with an equal volume of 0.1 m potassium phosphate 
solution (pH 7.0). The DPN-specific CoA-dependent aldehyde 
dehydrogenase was found in the fourth eluate upon repeated 
washing of the gel with 0.1 m phosphate solution. Neither of 
these enzymes was present in the more highly purified fatty 
acid-synthesizing fractions. These findings may explain why 
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acetaldehyde was not utilized for fatty acid synthesis in highly 
purified enzyme preparations (12). 

Nucleotide Specificity—TPNH is the preferred source of hy- 
drogen atoms. The activity obtained with DPNH varied from 
35 to 60% of that observed with TPNH. Pyridine nucleotide 
transhydrogenase activity was not observed. The most highly 
purified enzyme preparation catalyzed a TPNH-specific reduc- 
tion of acetoacetyl-CoA to B-hydroxybutyryl-CoA. Crotonyl- 
CoA (29), octenoyl-CoA (30), and B-hydroxybutyryl-CoA were 
not reduced in the presence of either nucleotide. 

Effect of Inhibitors—The enzyme was completely inhibited by 
the addition of 1 X 10-5 m p-hydroxymercuribenzoate. Experi- 
ments have been reported elsewhere (27) which indicated that 
complete inhibition was obtained by blocking closely juxtaposed 
enzyme sulfhydryl groups with low concentrations of arsenite. 
The addition of 0.016 m semicarbazide caused a 15% inhibition 
of fatty acid synthesis. 

Effect of Short Chain Acyl-CoA Derivatives—The conversion 
of malonyl-CoA to long chain fatty acids was markedly stimu- 
lated by the addition of acetyl-, propionyl-, or butyryl-CoA 
(Table II). Wakil and Ganguly (12) have observed a similar 
effect of acetyl-CoA. Increasing the length of the carbon chain 
of the acyl-CoA derivatives beyond 4 carbon atoms caused a 
progressive diminution of this conversion. 

Wakil and Ganguly (12) have presented evidence for the con- 
version of acetyl-, butyryl-, and octanoyl-CoA to palmitic acid. 
We have confirmed these observations and have found 
that labeled hexanoyl-CoA was also a substrate for these reac- 
tions, thereby offering substantial evidence for the sequential 
addition of 2-carbon units. In order to determine precisely the 
sequence of the condensing reactions, the distribution of radio- 
activity in the recovered long chain fatty acids was examined 
by chemical decarboxylation of the products of the reaction. 
The results presented in Table III demonstrate that the syn- 
thesis of palmitic acid occurred by the condensation of 1 mole- 
cule of acetyl-CoA with the methylene carbon atom of malonyl- 
CoA and that subsequently 6 more molecules of malonyl-CoA 
were added. The finding that the carboxyl carbon of the 
labeled reaction product contained one-seventh of the radio- 
activity of the recovered long chain fatty acid when malonyl- 
1,3-C4-CoA and unlabeled acetyl-CoA were used as substrates 
is consistent with the evidence that palmitic acid was the pre- 
ponderant product of this biosynthetic process. 

Malonyl-CoA Decarboxylase—All of the fractions obtained 
which catalyzed the biosynthesis of palmitic acid exhibited 
marked malonyl-CoA decarboxylase activity. The addition of 
short chain acyl-CoA derivatives suppressed the decarboxyla- 
tion of malonyl-CoA (Table IV). Kinetic studies indicated 
that the inhibition of the decarboxylation of malonyl-CoA by 
the various acyl-CoA derivatives was of the noncompetitive 
type. A plot of the effect of butyryl-CoA on the decarboxyla- 
tion of malonyl-CoA is shown in Fig. 3. The Michaelis con- 
stant for malonyl-CoA is 2.8 X 10-* mM, and the K; for butyryl- 
CoA is 4.3 x 10-* m. Although malonyl-CoA decarboxylase 
activity was 82% inhibited by 8 x 10-5 m p-hydroxymercuri- 
benzoate, neither the decarboxylation of malonyl-CoA nor the 
suppression of decarboxylase activity by acyl-CoA derivatives 
was affected by the addition of 5 X 10-* m sodium arsenite to 
the medium. 

Studies with TPNH*—The incorporation of tritium from 
TPNH! into the synthesized palmitic acid was investigated in 
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TABLE I 

Purification of fatty acid-synthesizing enzyme from rat liver 

One unit of enzymatic activity is defined as the amount of en- 
zyme required to catalyze the conversion of 1 mymole of malonyl- 
CoA per minute to long chain fatty acid in a reaction mixture 
containing 50 umoles of potassium phosphate buffer (pH 7.0), 1 
umole of TPNH, 0.20 umole of butyryl-CoA, 0.30 umole of malonyl- 
1,3-C-CoA (0.12 ue per umole), 2.4 wmoles of 2,3-dimercapto- 
propanol, and enzyme in a total volume of 0.5 ml. The mixtures 
were incubated for 30 minutes at 37° and the reaction was termi- 
nated by the addition of 0.2 ml of 2N HCl. The long chain fatty 
acids were extracted 3 times with 2 ml of petroleum ether. The 
extracts were combined and back-washed 5 times with 1 ml of 


water, and an aliquot was evaporated for the determination of 
radioactivity. 
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Fic. 2. Demonstration of the CoA-dependent oxidation of 
acetaldehyde with diphospho- or triphosphopyridine nucleotide. 
The incubation mixtures contained 100 wmoles of potassium phos- 
phate buffer (pH 8.0), 1 umole of MgCle, 0.5 umole of MnCl, 
and either 0.2 umole of DPN and 1 mg of protein (Curve A), or 
0.2 umole of TPN and 0.6 mg of protein (Curve B). The reaction 
was initiated by the addition of 1 umole of acetaldehyde. Re- 
duced CoA was added as indicated. The final volume was 1.0 
ml, d = 1.0 cm, and the temperature was 22°. 


an attempt to gain insight into the nature of the reductive proc- 
esses. The results of experiments comparing the conversion of 
malonyl-C“-CoA with the incorporation of radioactivity from 
TPNH: into palmitic acid are shown in Table V. The results 
indicate that approximately one-tenth the amount of tritium 
was incorporated which would have been required if 2 hydrogen 
atoms were transferred for each molecule of malonyl-CoA con- 
verted to fatty acid. The results obtained in the second experi- 
ment in Table V indicate that the use of glucose-1-H® as the 
source of reduced TPN did not markedly depress the conversion 
of malonyl-C“-CoA to palmitic acid. These data suggest con- 
siderable isotopic discrimination against tritium. The experi- 
ments do not permit a decision between isotopic discrimination 
occurring during the transfer of H* from glucose to TPN or in 








TaBLeE II 
Effect of added acyl-CoA derivatives on conversion of 
malonyl-C'4-CoA to long chain fatty acids 
The conditions were the same as Table I except that unlabeled 
acyl-CoA derivatives were added as indicated. The enzyme ob- 
tained in fractionation Step III (0.5 mg of protein) was employed 
in these experiments. 
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TaB1eE III 

Distribution of C'* in biosynthesized long chain fatty acids 

The incubation conditions were the same as in Table I except 
that unlabeled acetyl-CoA or acetyl-1-C'*-CoA (1 ue per umole) 
was used instead of butyryl-CoA as indicated. Enzyme Fraction 
III (0.5 mg of protein) was used in Experiment 1 and enzyme Frac- 
tion V (0.06 mg of protein) for Experiment 2. In order to calcu- 
late the amount of labeled acetyl-CoA converted to long chain 
fatty acids, the specific activity of the substrate was corrected 
for dilution with unlabeled acetyl-CoA which arose from the 
decarboxylation of malonyl-CoA in the respective preparations. 



































Substrate Radioactivity of product 
= Labeled 
| ne subs- (a) oo. 
No. Labeled Unlabeled trate | Fat boxyl b/a 
sincer.,| acid | carbon 
Jas mol. c.p.m 
1 | Acetyl-CoA Malonyl-CoA 5.3 | 6340 0;|0 
Malonyl-CoA | Acetyl-CoA 36.5 | 2560 | 348 | 0.136 
2 | Acetyl-CoA Malonyl-CoA 6.6 | 7920 0/0 
Malonyl-CoA | Acetyl-CoA 45.5 | 3180 | 471 | 0.148 
the reduction steps of palmitic acid synthesis. Additional stud- 


ies on the enzymatic reduction of acetoacetyl-CoA to B-hydroxy- 
butyryl-CoA with TPNH! indicated that significant isotopic 
discrimination was exhibited in this reaction. 

With glucose-1-H* (25 uc per umole), two samples of radio- 
active palmitic acid were obtained with respective radioactivities 
of 47,500 and 86,200 c.p.m. Carrier palmitic acid, 10 mg, was 
added to each sample before degradation. The over-all yield 
for the conversion of palmitic acid to pentadecanoic acid was 
60%, which compares well with the results obtained by Anker 
(22). The critical reaction for determining the distribution of 
isotopic hydrogen was the oxidation of the long chain alcohol to 
the respective acid which was quantitative under the conditions 
employed in these experiments. The results of the sequential 
degradation of palmitic acid to dodecanoic acid indicate that 
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TaBLeE IV 
Effect of acyl-CoA derivatives on enzymatic decarbozylation of 
malonyl-1 ,3-C'4-CoA 

The incubation mixtures contained 15 umoles of potassium 
phosphate buffer (pH 7.0), 0.6 umole of 2-mercaptoethanol, 176 
mumoles of malonyl-1,3-C'*-CoA (140 c.p.m. per mumole) and 
enzyme Fraction IV (16 ug of protein), in a total volume of 0.19 
ml. The incubation flasks were similar to those employed in the 
microdecarboxylation experiments and contained 0.25 ml of 1 u 
Hyamine in methanol in the center well. After incubation for 
30 minutes at 37°, 1 umole of KHCO; was added to the incubation 
mixture followed by 0.2 ml of 1 Nn H2SO4. The CO: was allowed 
to diffuse for 30 minutes at 38° with gentle shaking. The contents 
of the center well were transferred to a scintillation counting mix- 
ture for radioassay. 








Additions CO: Inhibition 
c.p.m. % 
Me ee eee ke he fee hoe es 2191 
Ensyme omitted........................ 29 
Wakes, O96 patole: . 2.6.55. ke 2038 7 
Acetyl-CoA, 160 mumoles............... 1518 31 
Butyryl-CoA, 70 mumoles............... 1192 46 
Butyryl-CoA, 70 mymoles + NaAsQOz, 
EERE epee ee 1238 44 
Caproyl-CoA, 89 mumoles............... 1050 52 
p-Hydroxymercuribenzoate, 14 mumoles. 390 82 











tritium was found on the 6 and 6 carbon atoms of palmitic acid 
(Table VI). The high value for radioactivity in the hydrogen 
atoms of carbon 1 of tridecanol in Experiment 1, Table VI, may 
have been due to experimental error since on repeating the deg- 
radation with the second sample of radioactive palmitic acid 
which contained approximately twice as much H’, essentially 
no radioactivity was found in the carbinol earbon of tridecanol. 


DISCUSSION 


Malonyl-CoA is an obligate intermediary compound for the 
biosynthesis of long chain fatty acids which is catalyzed by solu- 
ble enzymes obtained from rat and pigeon liver tissue. Evi- 
dence has been cited supporting a wide occurrence of this phe- 
nomenon in slices of liver tissue and in enzymes obtained from 
plant cells as well as yeast. The requirement for malonyl-CoA 
in fatty acid synthesis catalyzed by enzymes from mammary 
tissue has recently been described (31). Evidence presented in 
the following paper (32) indicates that the same requirement 
exists in enzymes obtained from brain. The dependency upon 
the presence of CO» is not restricted to experiments with the 
use of exogenous acetate as substrate for fatty acid formation. 
Chernick! has observed that the addition of bicarbonate to an 
incubation medium with slices of rat liver tissue caused a 10-fold 
increase in lipogenesis from labeled glucose and a 6-fold increase 
from labeled fructose. The addition of bicarbonate had no 
appreciable effect on the amount of either labeled hexose that 
was oxidized to C“Ox. 

Decarboxylation of labeled palmitic acid synthesized from 
acetyl-C-CoA or malonyl-C“-CoA indicated that 1 molecule 
of acetyl-CoA and 7 molecules of malonyl-CoA combine to 
form palmitic acid. The discovery that acetyl-CoA, butyryl- 
CoA (12), hexanoyl-CoA, and octanoyl-CoA (12) are incorpo- 


1§. 8. Chernick, personal communication. 
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Fig. 3. The effect of butyryl-CoA on the enzymatic decarboxy]l- 
ation of malonyl-1,3-C4-CoA. Curve A. The incubation mix- 
tures contained 15 zmoles of potassium phosphate buffer (pH 7.0), 
0.6 umole of 2-mercaptoethanol, enzyme Fraction IV (16 ug of 
protein), and malonyl-C'4-CoA (140 c.p.m. per myumole) as indi- 
cated in a final volume of 0.19 ml. The incubation time was 30 
minutes at 37°. V is expressed as the number of counts contained 
in the recovered C4O,. Curve B. The incubation conditions 
were the same as in Curve A except that the flasks contained 69 


mumoles of unlabeled butyryl-CoA and varying concentrations of 
malonyl-C*-CoA. 








rated into palmitic acid does not support the postulate (7) that 
long chain fatty acids are formed by polymerization of molecules 
of malonyl-CoA alone to yield a polyketo intermediate. 

Tritium from TPNH! is localized on alternate carbon atoms 
beginning with the 6-carbon of palmitic acid. This finding is 
consistent with a direct transfer of hydrogen atoms observed by 
Marcus et al. (33) in the reduction of acetoacetyl pantetheine 
catalyzed by B-hydroxybutyryl dehydrogenase from pig heart. 
These investigators also concluded that the enzymatically trans- 
ferred hydrogen was found on the 6-carbon atom of 6-hydroxy- 
butyric acid. Experiments performed by these investigators 
with D.O indicated that deuterium was acquired from the 
medium and was probably localized on the a-carbon atom. The 
synthesis of fatty acids occurs through two reductive steps (32). 
Tritium could be incorporated during the reduction of a 6-keto 
derivative as in the case of acetoacetyl-CoA and acetoacetyl 
pantetheine (33) or perhaps in the reduction of an a,6-unsatu- 
rated derivative. Hydrogen transferred from the reducing 
agent in the latter reaction would probably also appear on the 
B-carbon of the fatty acid (34). The present data do not dis- 
close in which reductive step(s) the tritium was introduced into 
the fatty acid. Recent experiments by D’Adamo et al.,? in 
which liver was perfused with lactic acid-H?, indicate the pres- 
ence of tritium on the B-carbon atoms of recovered fatty acids. 
These findings are in complete accord with the present enzy- 
matic studies, and the significance of these results is emphasized 
by the observations of Lowenstein et al. (35) that tritiated lac- 
tate is a very efficient source of H® for fatty acid synthesis in 
rat liver slices. 

Our studies have revealed the presence of two CoA-dependent 
acetaldehyde dehydrogenases in liver tissue for which specific 
requirements for DPN or TPN have been found. These ob- 


* A. F. D’Adamo, Jr., D. Haft, and H. D. Hoberman, personal 
communication. 
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TABLE V 
Comparison of incorporation of tritium from TPNH? into palmitic 
acid with C from malonyl-C4-CoA 

The incubation mixtures contained 50 wmoles of potassium 
phosphate buffer (pH 7.0), 4.8 wmoles of 2,3-dimercaptoethanol, 
0.2 umole of acetyl-CoA, 0.11 umole of labeled (0.1 uc per umole) or 
unlabeled malonyl-CoA as indicated, 0.01 pmole of TPN, 2 umoles 
of ATP, 2 umoles of MgCle, enzyme contained in Fraction III (1.6 
mg of protein), 2 umoles of glucose or glucose-1-H* (1720 c.p.m. 
per mumole), dialyzed glucose 6-phosphate dehydrogenase (0.15 
mg of protein) and dialyzed hexokinase (0.3 mg of protein) in a 
final volume of 0.5 ml. The incubation time was 30 minutes at 











37°. 
Incorporation of 

Experi- Substrate labeled : substrate 

ment 

No. 

Labeled Unlabeled cu H: 
myatoms 
1 Malonyl-1-C'*-CoA Glucose 34.4 


Glucose-1-H? Malonyl-CoA 6.93 


2* | Malonyl-1-C'*-CoA + 
glucose-1-H# 


30.3 6.39 














* The radioactivity of the recovered fatty acids was assayed in 
the same sample. The values for carbon and tritium were de- 
termined by the difference of the energies of the emission spectra, 


TaBLeE VI 
Distribution of H* in palmitic acid 
The procedure for the stepwise degradation is described in the 
text. The results are expressed as percentage of the total radio- 


activity in the fatty alcohol recovered as H.*O during oxidation 
to the homologous fatty acid. 











Experiment Carbon of 
Alcohol Average origins 
1 2 acid 
% 
1-Pentadecanol.......... 0.25 0.55 0.40 a 
1-Tetradecanol.......... 13.3 11.1 12.2 B 
L-THIGOOGRGL, 5. 6 i-oaie sien 3.9 0.1 2.0 ¥ 
1-Dodecanol............. 16.6 14.6 15.6 5 














servations indicate the presence of enzymes in mammalian tissue 
that catalyze a reaction similar to the DPN-specific dehydro- 
genase discovered by Burton and Stadtman (36) in extracts of 
Clostridium kluyveri. These findings complement the report of 
Berry and Stotz (37) that extracts of an acetone powder of rat 
brain tissue contain a CoA-dependent aldehyde dehydrogenase, 
although a pyridine nucleotide requirement was not reported 
by these authors. These results demonstrate the reversibility 
of the reduction of acetyl-CoA observed earlier in extracts of 
pigeon liver (8). 

The most highly purified enzyme that we obtained from rat 
liver tissue catalyzed the vigorous decarboxylation of malonyl- 
CoA and contained varying amounts of 6-ketothiolase. A de- 
tailed study of the nature of the condensing reaction was there- 
fore not feasible with this preparation. An effort was made to 
obtain a fatty acid-synthesizing preparation free of these ac- 
tivities, and an enzyme was obtained from young rat brain tissue 
which fulfilled these requirements. An account of the investi- 
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gations undertaken with this preparation is contained in the 
companion communication (32). 


SUMMARY 


The biosynthesis of palmitic acid was investigated with an 
enzyme preparation from rat liver which has been purified 580- 
fold from the supernatant solution obtained by high speed cen- 
trifugation of cell-free suspensions of liver tissue. 

Acetyl coenzyme A, 1 molecule, and malonyl coenzyme A, 
7 molecules, are required for the synthesis of 1 molecule of pal- 
mitic acid. 

Studies with Tritium-labeled reduced triphosphopyridine nu- 
cleotide indicate direct hydrogen transfer to alternate carbon 
atoms beginning with the 8-carbon of palmitic acid. 

The most highly purified fraction obtained in these experi- 
ments exhibited marked malonyl coenzyme A decarboxylase ac- 
tivity which was noncompetitively inhibited by short chain acyl 
coenzyme A derivatives. 

Coenzyme A-dependent diphosphopyridine nucleotide-specific 
and triphosphopyridine nucleotide-specific acetaldehyde dehy- 
drogenases have been demonstrated in extracts of rat liver tissue. 
The participation of these enzymes was not required for the 
synthesis of palmitic acid from acetyl coenzyme A and malonyl 
coenzyme A. 
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The evidence for the participation of carbon dioxide in fatty 
acid synthesis via the intermediary formation of malonyl coen- 
zyme A was summarized in the preceding communication (1). 
This mechanism is of considerable importance for a number of 
different mammalian tissues as well as for plants and micro- 
organisms. An explicit demonstration of the nature of the 
reaction sequence for fatty acid synthesis remained difficult be- 
cause of the presence of a very active malonyl coenzyme A de- 
carboxylase in highly purified preparations of rat liver tissue. 
However, data obtained with labeled compounds indicated that 
1 molecule of acetyl coenzyme A combined with 7 molecules of 
malonyl coenzyme A to form palmitic acid. 

Experiments revealed that extracts of young rat brain tissue 
contained enzymes that very effectively catalyzed the synthesis 
of fatty acids. These preparations could be obtained free of 
malonyl-CoA decarboxylase and #-ketothiolase activities. It 
was demonstrated with the enzyme obtained from brain that 
the decarboxylation of malonyl-CoA occurs upon condensation 
with other acyl-CoA derivatives. It is the purpose of this com- 
munication to report the results obtained with brain enzyme 
preparations. Experiments are presented which afford some 
insight into the nature of the reductive steps required for fatty 
acid synthesis. 


EXPERIMENTAL PROCEDURE 


The preparation of substrates and cofactors has been de- 
scribed (1). The enzyme was obtained from 3-week-old rats. 
Brain tissue was disrupted with a TenBroeck homogenizer in the 
presence of 2.5 volumes of 0.25 m sucrose. The preparation was 
centrifuged at 25,000 x g for 30 minutes, and the supernatant 
suspension was centrifuged for 1 hour at 100,000 x g. The fatty 
acid-synthesizing enzymes were found in the soluble portion and 
were precipitated by the addition of ammonium sulfate to 30% 
of saturation. The pH was maintained at 7.0 by the addition of 
KOH. The precipitated protein was taken up in 0.04 m potas- 
sium phosphate (pH 7.0) and a slight amount of turbid material 
was removed by centrifugation for 30 minutes at 110,000 x g. 
The supernatant solution was diluted with an equal volume of 
water, and the enzyme was treated with sufficient Ca3(PO,). 
gel to give a gel to protein ratio of 3.9:1. The gel was washed 
with water, 0.01 and 0.02 m potassium phosphate (pH 7.0), and 
the enzyme was eluted with 0.05 m potassium phosphate (pH 
7.0). The preparation exhibited a specific activity nearly as 
high as that of the most purified fraction obtained from rat liver. 


The absorbancy ratio at 280 to 260 mu was 1.65. The enzyme 
was free of malonyl-CoA decarboxylase and f-ketothiolase ac- 
tivities. A summary of the purification procedure and yields is 
shown in Table I. The enzyme may also be prepared by homog- 
enizing the brain tissue in 0.1 potassium phosphate solution (pH 
7.8). With this method of preparation, the active fraction was 
precipitated between 20 and 30% saturation with ammonium 
sulfate and was subsequently adsorbed and eluted from Ca3(PO,)2 
gel. Both preparations exhibited slight glutathione reductase 
activity. The enzyme lost 15% of its catalytic activity per day 
in the frozen state. 


RESULTS 


The reaction catalyzed by the enzyme obtained from rat brain 
tissue required TPNH. No fatty acid synthesis was observed 
with DPNH. The preparation does not exhibit endogenous 
TPNH oxidase activity, and since it is devoid of malonyl-CoA 
decarboxylase, the dependence of the oxidation of TPNH upon 
the presence of an acyl-CoA derivative in addition to malonyl- 
CoA could be easily demonstrated (Fig. 1). The fatty acids 
recovered from Cuvette A (Fig. 1) contained 455¢.p.m. Carbon 
atom 1 of labeled malonyl-CoA contained 70,000 c.p.m. per umole 
indicating that 6.5 mumoles of malonyl-CoA had been converted 
to fatty acid. The change in absorbancy at 340 my indicated 
that 13.1 mymoles of TPNH had been oxidized. Thus, 2 mole- 
cules of TPNH were oxidized for each molecule of malonyl-CoA 
converted to fatty acid. 

Gas chromatography of the methyl esters of the recovered 
fatty acids under the conditions described in the preceding pub- 
lication (1) indicated predominant synthesis of myristic (10 to 
15%) and palmitic (85 to 90%) acids. The time course of the 
incorporation of labeled malonyl-CoA into long chain fatty acids 
is shown in Fig. 2. Experiments were performed in which the 
yield of fatty acids was compared with and without saponifica- 
tion of the reaction mixtures. After incubation of an aliquot of 
enzyme Fraction III with the requisite substrates for 10 minutes 
at 37°, the reaction was stopped by acidification with H.SO,. 
One sample was extracted immediately with petroleum ether. 
The companion vessel was adjusted to pH 12 with KOH and 
kept at 38° for 1 hour. Aqueous solutions of palmityl-CoA were 
completely hydrolyzed in 15 minutes under these conditions. 
The amount of radioactivity in the fatty acids recovered from 
the nonsaponified sample was 95% of the value found after 
alkaline hydrolysis. 
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TaBLeE I 
Purification of fatty acid-synthesizing enzyme from rat brain 


The incubation conditions and definition of a unit of enzymatic 
activity are described in Table I of the preceding publication (1). 
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Fic. 1. Spectrophotometric demonstration of the dependence 
of the oxidation of TPNH upon the simultaneous presence of 
malonyl-CoA and another acyl-CoA derivative. The reaction 
mixtures contained 20 zmoles of potassium phosphate buffer (pH 
7.0), 0.6 umole of BAL,' enzyme Fraction III (20 ug of protein), 
and 40 mumoles of TPNH, in a final volume of 0.25 ml. At Arrow 
1, 70 mumoles of malonyl-1,3-C'*-CoA (0.1 ue per umole) were 
added to Cuvettes A, B,andC. At Arrow 2,40 mymoles of acetyl- 
CoA were added to Cuvettes A and D, 42 mumoles of butyryl-CoA 
to Cuvette B, and 43 mymoles of caproyl-CoA to Cuvette C. 
The reaction was stopped after 30 minutes at 22° by the addition 
of 0.1 ml of 1 N HCl. The long chain fatty acids were extracted, 
and the amount of incorporated radioactivity was determined. 
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Fie. 2. A plot of the rate of conversion of malonyl-1,3-C'*- 
CoA to long chain fatty acids. The incubation mixtures con- 
tained 10 wmoles of potassium phosphate buffer (pH 7.0), 0.3 
umole of BAL, enzyme Fraction III (20 ug of protein), 0.5 umole 
of TPNH, 67 myumoles of malonyl-1,3-C*-CoA (0.1 ue per umole), 
and 60 mymoles of butyryl-CoA, in a final volume of 0.18 ml. 
The reaction was stopped after the indicated incubation time by 
the addition of 0.1 ml of n HCl. The temperature was 37°. The 
figures on the ordinate represent the radioactivity incorporated 
into long chain fatty acids. 


1 The abbreviation used is: BAL, 2,3-dimercaptopropanol. 
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Reaction of Acetyl- or Butyryl-CoA with Malonyl-CoA—With 
the use of the enzyme obtained from brain that was free of 
malonyl-CoA decarboxylase activity, the decarboxylation of 
malonyl-CoA was found to depend upon the addition of either 
acetyl- or butyryl-CoA (Table II). The reaction was 74% 
inhibited by the addition of 2 x 10-*m sodium arsenite. This 
effect of arsenite is at variance with the observations made in 
prior experiments (2) with the liver enzyme preparation where 
inconsistent results were obtained due to the presence of malonyl- 
CoA decarboxylase. 

Binding of Substrate to Enzyme—Lynen et al. (3) have reported 
in a preliminary communication that malonyl groups were cova- 
lently bound to an enzyme prepared from yeast through a sulfhy- 
dryl group of the enzyme. They further stated that labeled 
acetyl groups were bound only after the addition of malonyl- 
CoA. The product of the reaction was tentatively identified 
as acetoacetyl-S-enzyme. Present studies with the enzyme ob- 
tained from brain indicate that both acetyl or malonyl groups 
were bound independently by the enzyme. The addition of 
unlabeled malonyl-CoA reduced the amount of labeled acetyl- 
or butyryl-CoA which was bound (Table III). The binding 
of these materials was only slightly influenced by the addition 
of arsenite. 

The amount of radioactive malonyl-CoA converted to long 
chain fatty acids in the presence of acetyl- or butyryl-CoA was 
measured as a function of substrate levels (Fig. 3). It was 
found that deviation from a malonyl-CoA to butyryl-CoA ratio 
of 1.0 diminished the amount of incorporated radioactivity, 
The decrease from the maximal level of incorporation with mal- 
onate to butyrate > 1 or < 1 could not be overcome by the addi- 
tion of larger amounts of the lesser component. 


TABLE II 


Dependence of enzymatic decarboxylation of malonyl-CoA 
on acetyl- or butyryl-CoA 


The incubation flasks contained 20 umoles of potassium phos- 
phate buffer (pH 7.0), 0.7 umole of 2-mercaptoethanol, 66 mumoles 
of malonyl-1,3-C'-CoA (442 c.p.m. per myumole), 1 ymole of 
KHCOs;, and enzyme Fraction III (0.1 mg of protein) in a total 
volume of 0.29 ml. The center well contained 0.25 ml of 1 N 
Hyamine in methanol. The reaction was stopped after 10 min- 
utes at 32° by the addition of 0.2 ml of 1N H,SO,. After diffusing 
for 30 minutes at 38°, the absorbed C'*O2 was recovered from the 
center well for counting. 
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Examination of Possible Intermediates of Reaction Sequence— 
Spectrophotometric demonstration of the reduction of aceto- 
acetyl pantetheine with TPNH is shown in Fig. 4. DPNH is 
inactive in this respect. These findings are similar to the obser- 
vations made with the purified enzyme from rat liver. Free 
acetoacetate was not reduced by TPNH. The reduction of 
acetoacetyl pantetheine was 76% inhibited by the addition of 
2 x 10° M arsenite. No spectrophotometrically detectable 
effect on the reduction was observed upon the addition of malo- 
nyl-CoA. In contrast with the enzyme obtained from liver, the 
addition of pL-8-hydroxybutyryl-CoA to the brain enzyme Frac- 
tion III also caused the oxidation of TPNH. The presence of 
crotonase could not be demonstrated in this enzyme preparation. 
In further contrast with the enzyme from liver, spectrophoto- 
metric evidence for the reduction of a,8-unsaturated acyl-CoA 
derivatives was readily obtained. The reduction of crotonyl- 
CoA was 90% inhibited in the presence of 2 x 10-° m sodium 
arsenite and 68% inhibited by the addition of an equimolar con- 
centration of malonyl-CoA. The reduction of crotonyl-CoA oc- 


TaBLeE III 
Binding of substrates to fatty acid-synthesizing enzymes 


The incubation tubes in Experiment 1 contained 15 umoles of 
potassium phosphate buffer (pH 7.0), 0.2 umole of 2-mercapto- 
ethanol, and brain enzyme Fraction III (0.12 mg of protein), in 
a total volume of 0.3 ml. The reaction was stopped by the addi- 
tion of 0.03 ml of 20% trichloroacetic acid after 10 minutes at 22°. 
The precipitated protein was washed twice with cold 2% trichloro- 
acetic acid, once with unlabeled substrate in 2% trichloroacetic 
acid, and once again with 2% trichloroacetic acid. The protein 
was dissolved in 0.25 ml of 1 N Hyamine in methanol and the radio- 
activity determined by liquid scintillation spectrometry. 

The incubation mixtures in Experiment 2 contained 14 umoles 
of potassium phosphate buffer (pH 7.0), 0.3 umole of 2-mercapto- 
ethanol, and liver enzyme Fraction III (1) (0.9 mg of protein) in 
a total volume of 0.16 ml. After incubating for 30 minutes at 0°, 
the reaction was stopped by the addition of 0.02 ml of 20% tri- 
chloroacetic acid. The protein was washed and counted as in 
Experiment 1. The specific activities of the labeled substrates 
were 5000 c.p.m. per mumole for acetyl-1-C'*-CoA, 5200 c.p.m. 
per mumole for malonyl-1,3-C'-CoA, and 2640 c.p.m. per mumole 
for butyryl-CoA. 
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Fig. 3. The effect of varying the concentration of substrates 
on the conversion of malonyl-C"-CoA to fatty acids. The re- 
action mixtures contained 10 wmoles of potassium phosphate 
buffer (pH 7.0), 0.6 umole of BAL, 0.6 umole of TPNH, 67 mumoles 
of malonyl-1,3-C'-CoA (0.2 we per umole), enzyme Fraction III 
(25 wg of protein), and acetyl- or butyryl-CoA as indicated in 
Curves A and B respectively in a final volume of 0.18 ml. The 
incubation time was 10 minutes at 37°. The ordinate indicates 
the amount of radioactivity recovered in the long chain fatty 
acids. The reactants in the mixtures depicted in Curve C were 
the same as above except that 67 mumoles of butyryl-CoA were 
added to each vessel and the concentration of malonyl-C'*-CoA 
was varied as indicated. The incubation time was 5 minutes at 
37°. 
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Fie. 4. Spectrophotometric demonstration of the reduction of 
substituted acyl-CoA derivatives. Each cuvette contained 20 
umoles of potassium phosphate buffer (pH 7.0), 0.3 umole of 2- 
mercaptoethanol, 20 mumoles of TPNH, and brain enzyme Frac- 
tion III (76 ug of protein), in a final volume of 0.21 ml. Cuvettes 
D and F contained 0.4 umole of NaASO, as well. At the arrows, 
96 mumoles of crotonyl-CoA were added to Cuvettes A and D, 
62 mumoles of pi-8-hydroxybutyryl-CoA to Cuvette B, 90 mu- 
moles of octenoyl-CoA to Cuvette C, 60 mumoles of acetoacetyl 
pantetheine to Cuvettes E and F, and 100 mumoles of potassium 
acetoacetate to Cuvette G. 


curred in the presence of DPNH, but at about 20% of the rate 
observed with TPNH. Octenoyl-CoA was reduced with TPNH 
at about one-fifth the rate observed with crotonyl-CoA. In 
spite of the fact that the addition of B-oxo, B-oxy, and a,6-un- 
saturated derivatives of pantetheine and CoA caused the oxida- 
tion of TPNH, none of these materials was as effective as butyryl- 
CoA in fatty acid synthesis (Table IV). Preincubation of the 
substituted derivatives with the enzyme in the presence of TPNH 
before the addition of malonyl-C'*-CoA did not increase their 
effectiveness in this regard. Crotonyl-CoA and acetoacetyl 








3102 


TaBLe IV 
Effect of crotonyl-CoA and acetoacetyl pantetheine on 
conversion of malonyl-C'4-CoA to fatty acids 

The reaction mixtures contained 15 umoles of potassium phos- 
phate buffer (pH 7.0), 0.3 umole of BAL, 0.6 umole of TPNH, 
and brain enzyme Fraction III (40 ug of protein) in a final volume 
of 0.18 ml. The reaction was stopped after 10 minutes at 37° by 
the addition of 0.1 ml of n HCI, and the fatty acids were extracted 
and counted. 
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eae 
Malonyl-1-C¥- oA convert 
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6 | 0.5 
66 60 | 2.0 
66 60 2.6 
66 60 | 12.4 
66 60 6 | 11.8 
66 60 120 | 10.1 
66 120 120 | 8.3 
132 60 90 | 5.8 
66 60 | 15 9.8 
66 60 _. 9.0 
66 60 | 60 9.6 
66 60 | 2 9.6 
66 60 | 240 7.9 
66 60 | 480 6.2 
66 120 | 120 6.6 
132 60 | 60 5.4 











pantetheine inhibited the conversion of malonyl-CoA to fatty 
acids in the presence of butyryl-CoA. The inhibition was not 
reversed by the addition of larger quantities of either butyryl- or 
malonyl-CoA. 


DISCUSSION 


The biosynthesis of long chain fatty acids occurs through the 
condensation of one molecule of an aliphatic acyl-CoA derivative 
with n molecules of malonyl-CoA. With acetyl-CoA, n is 7 
molecules of malonyl-CoA for palmitic acid and 6 molecules for 
myristic acid. The stoichiometry of the reaction indicates the 
oxidation of 2n molecules of TPNH. The carboxylation of 
acetyl-CoA to form malonyl-CoA proceeds with the conversion 
of 1 equivalent of ATP to ADP and P;.2_ These findings there- 
fore require revision of the published figures of the stoichiometry 
of the reaction sequence for fatty acid synthesis (4). It has been 
established that fatty acid synthesis in soluble enzyme prepara- 
tions is not simply a reversal of fatty acid oxidation (5). This 
distinction had been postulated several years earlier on the basis 
of data obtained with slices of rat liver tissue (6). 

The hypothesis that a-substituted derivatives of malonyl-CoA 
are intermediary reactants in the biosynthesis of fatty acids (7) 
is excluded for the following reasons. (a) The reaction of 
acetyl-CoA with malonyl-CoA in the presence of a purified fatty 
acid-synthesizing enzyme results in the loss of the nonesterified 
carboxyl carbon atom in the absence of reduced pyridine nucleo- 
tide. (6) The participation of a-carboxycrotonyl-CoA in the 
biosynthesis of fatty acids is improbable on the basis of the find- 


2J. V. Formica, and R. O. Brady, unpublished observations. 
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ings of Rittenberg and Bloch (8). With the use of deuterated 
acetate as a precursor of fatty acids in vivo, deuterium was found 
throughout the fatty acids in much greater isotope abundance 
than in body water.’ The results obtained in these studies 
preclude sufficient labilization of the a-hydrogen atoms of malo- 
nyl-CoA, which would be required by the preceding hypothesis, 

The report that acetylmalonyl-CoA was an intermediate (9) 
in fatty acid synthesis could not be verified with the use of either 
the liver or brain enzyme preparations. Investigations with 
biosynthesized malonyl-CoA labeled exclusively in the unesteri- 
fied carboxyl carbon with C™ failed to reveal the presence of a 
labeled intermediate with the characteristics of an a-carboxy- 
8-keto structure. The finding of the release of the unesterified 
carboxyl carbon atom of malonyl-1,3-C-CoA as CO. when 
acetyl- or butyryl-CoA is added to the enzyme in the absence 
of TPNH further reduces the likelihood of the existence of such 
an intermediate. 

It is apparent that the enzyme preparation obtained from brain 
tissue differs markedly from the liver enzyme with regard to its 
ability to catalyze the reduction of B-hydroxybutyryl-CoA and 
crotonyl-CoA. The data shown in Lines 2 and 3 of Table IV 
indicate that the addition of crotonyl-CoA or acetoacetyl pante- 
theine caused a 4- and 5-fold increase over the control value in 
the amount of malonyl-CoA converted to fatty acids. Since 
the specific activity of the esterified carboxyl carbon atom of 
malonyl-CoA was 165 c.p.m. per my atom, the increment in the 
radioactivity over the control level can be determined with pre- 
cision and is significant. These observations indicate that 
acetoacetyl pantetheine and crotonyl-CoA can participate to 
some extent in fatty acid synthesis in the enzyme obtained from 
brain. However, it appears likely that the free CoA or pante- 
theine derivatives are not obligatory intermediates in fatty acid 
synthesis. Experiments with the appropriate labeled substrates 
are in progress. 

The participation of closely juxtaposed enzyme sulfhydryl 
groups for the reaction of acetyl- or butyryl-CoA with malonyl- 
CoA, and reduction of acetoacetyl pantetheine and crotonyl-CoA 
has been demonstrated. With this information, one can visu- 
alize the condensation of acetyl-S-enzyme with malonyl-S-en- 
zymeand reduction of the condensation product with 2 equivalents 
of TPNH. Displacement of the butyryl radical by another 
molecule of malonyl-CoA to the sulfhydryl group which origi- 
nally contained the acetyl moiety may be required for the subse- 
quent condensation reaction. The process is repeated until the 
chain length reaches 14 or 16 carbon atoms where product in- 
hibition and the increasing strength of hydrophobic bonding of 
the aliphatic chain facilitate deacylation from the enzyme rather 
than further addition of 2-carbon fragments from malonyl-CoA. 


SUMMARY 


The biosynthesis of long chain fatty acids has been investi- 
gated with an enzyme preparation obtained from rat brain tissue. 
Acetyl coenzyme A, 1 equivalent, 7 equivalents of malonyl] coen- 
zyme A, and 14 equivalents of reduced triphosphopyridine nu- 
cleotide are required for the biosynthesis of palmitic acid. 

The reaction of acyl coenzyme A derivatives with malonyl 


3 Recent experiments with perfused liver and tritiated acetate 
indicate that tritium is found in the a-position of long chain fatty 
acids and that its specific activity is many hundred times that of 
the hydrogen atoms of the medium; A. F. D’Adamo, Jr., D. Haft, 
and H. D. Hoberman, personal communication. 
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coenzyme A causes the displacement of the unesterified carboxyl 
carbon atom of malonyl coenzyme A. 

Studies with arsenite suggest that vicinal enzyme sulfhydry! 
groups participate in both condensing and reducing reactions. 

The enzyme prepared from brain catalyzed the reduction of 
acetoacetyl coenzyme A, acetoacetyl pantetheine, B-hydroxy- 
butyryl coenzyme A, crotonyl coenzyme A, and octenoyl coen- 
zyme A in the presence of reduced triphosphopyridine nucleotide. 
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The metabolism of the estrogenic hormone is oxidative in 
nature in contrast to the reductive pathway for the neutral ster- 
oid hormones. It has been postulated that estrone is the pre- 
cursor of estriol on the evidence that the required ketol in- 
termediates are normal metabolites of the estrogenic hormone 
(2-4). However, it is equally true that enzymatic hydroxyla- 
tion of chemically unreactive methylene groups is a common 
feature of steroid biochemistry (5), and thus estradiol might 
serve as the immediate precursor of estriol with the ketols formed 
by subsequent oxidation. To clarify this problem we have ex- 
amined the metabolism of estrone and estradiol simultaneously 
in the same human subject. 

For this purpose, estradiol labeled with tritium in ring B 
and estrone-16-C™ were dissolved together and administered in- 
travenously to three different patients. The ratio of weight as 
well as isotope of the two hormones was varied in each of the 
studies. Urine and blood collections were obtained at successive 
intervals immediately after the injections and the isotopic con- 
tent of the metabolites was examined after purification to radio- 
chemical homogeneity. The results of the three studies were 
completely concordant. It was shown that the rate of conver- 
sion of estrone to estradiol was slow, whereas the reverse reac- 
tion was quite rapid. It seems clear that estrone rather than 
estradiol is the major precursor of estriol, 2-methoxyestrone, and 
16-epiestriol. 


EXPERIMENTAL PROCEDURE 


Material and Methods—Estrone-16-C™, specific activity 2.7 
uc per mg,! was shown to be at least 97% pure by paper chro- 
matography and reverse isotopic dilution analysis. Estradiol- 
6,7-H?, with a specific activity of about 7 mc per mg, was ob- 
tained as the diacetate from Dr. Marcel Gut of the Worcester 
Foundation. The diacetate was reduced with LiAIH, and the 
reaction product was chromatographed on paper for 60 hours 
in the system propylene glycol-toluene. The area of radioac- 
tivity coincided with that of the standard of authentic estradiol 
chromatographed simultaneously. This region was eluted with 
methanol and a portion was removed for reverse isotopic di- 
lution with carrier estradiol. Samples from successive recrys- 
tallizations were counted with a windowless gas-flow counter 
and with a liquid scintillation counter. Both methods showed 
the labeled material to be 98% estradiol. 


* This investigation was supported in part by a grant from the 
American Cancer Society and a research grant (CY-3207) from the 
National Cancer Institute of the National Institutes of Health, 
United States Public Health Service. 

+ A preliminary report on some of this work has been published 


). 
1 Obtained from Charles E. Frosst and Company, Montreal. 


Estrone and estradiol for carrier studies were obtained from 
commercial sources and were recrystallized to constant melting 
point. Estriol, 2-methoxyestrone, and 16-epiestriol were syn- 
thesized in these laboratories and were purified to constant melt- 
ing point. The infrared spectra of all of the compounds were 
identical with pure reference steroids. Commercial propylene 
glycol was redistilled under reduced pressure and only the center 
cut was used. 

All subjects were women who were catheterized, and urine 
collections were made at specified intervals starting with 4 hour 
after injection. Portions of each injection solution were removed 
and the ratio of C'* to H® determined. 

The urine collected at each interval was processed individually 
by the procedure used in these laboratories (6). Glucuronidase* 
incubation for 5 days at pH 5 was followed by continuous ex- 
traction with ether; the ether extract was washed with 9% Na- 
HCO; solution. The crude phenolic and neutral extract thus 
obtained was subjected to a 99-tube countercurrent distribution 
in System I composed of 70% methanol-carbon tetrachloride. 
The distribution was examined by measurement of radioactivity. 
Tubes 70 to 99 were combined and redistributed through 99 
tubes in System II composed of ethanol-water-ethyl acetate-cy- 
clohexane, 1:1:1:1. This distribution in the two systems re- 
solved the estrogen metabolites of interest into well defined areas 
with the following peak tubes: System I, 2-methoxyestrone in 
tube 22 and estrone in tube 56; System II, estriol in tube 28 
and estradiol in tube 62. In addition, a region with a peak 
at tube 48 contained the epiestriol and the ring D ketol me- 
tabolites. 

The appropriate regions in the countercurrent distribution 
were mixed with carrier steroid followed by crystallization to 
constant specific activity. Estriol and epiestriol were converted 
to the triacetates before counting because of the insolubility of 
the free steroids in the scintillant mixture. Aliquots of the peak 
countercurrent tube of each metabolite and each of the adjacent 
tubes were counted before carrier addition. 

With Subject R, Table III, the countercurrent region con- 
taining 16-epiestriol (tubes 37 to 56) was chromatographed on 
paper in the system toluene-isooctane-methanol-water, 15:5: 
16:4. Standards of epiestriol and 16-ketoestradiol were chro- 
matographed simultaneously. The 16-epiestriol area, as deter- 
mined by the radioactivity measured with an Aquebogue scan- 
ner, was eluted and inert 16-epiestriol added. After acetylation 
the material was recrystallized from methanol to constant spe- 
cific activity and the ratio of C“ to H® determined. 


2 Known as Ketodase and obtained from the Warner-Chilcott 
Laboratories, a division of Warner-Lambert Pharmaceutical 
Company. 
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The collected blood (60 cc) was diluted with 10 volumes of 
1:1 ethanol-acetone mixture, filtered, and the precipitate washed 
well with ethanol-acetone. The filtrate and washings were con- 
centrated to dryness and the residue was made to 500 cc with 
water and extracted continuously with ether for 24 hours. The 
ether extract was washed with a 9% sodium bicarbonate solu- 
tion saturated with sodium chloride. The dry residue (40,700 
¢.p.m.) was dissolved in 70% ethanol and washed with petro- 
leum ether. The aqueous ethanol was removed and the “free’’ 
steroids (33,700 c.p.m.) were subjected to countercurrent sepa- 
ration in Systems I and II. The aqueous residue from the ether 
extraction of the blood was adjusted to pH 5 with acetic acid, 
and 0.1 volume of acetate buffer (pH 5.0) containing 11 mg 
of Versene (ethylenediaminetetraacetate) per ml and 1 ml of 
toluene was added. The solution was incubated with limpet 
enzyme (7) for 5 days at 37° and continuously extracted with 
ether for 48 hours. The ether extract was washed with sodium 
bicarbonate solution and the ether was removed. The dry res- 
idue (66,000 c.p.m.) was submitted to countercurrent separation. 

The isotope ratios of each metabolite were measured differ- 
entially with a Packard Tricarb liquid scintillation counter 
equipped with the Blau modification (8). It should be noted 
that the measured isotope ratios are not the true ratio of the 
two isotopes but rather the ratio of that fraction of the total 
disintegrations from each of the two isotopes measured by the 
instrument under the experimental conditions employed. 


RESULTS 


Estrone-Estradiol—The first study was primarily designed to 
establish whether the approach was feasible. The mixture ad- 
ministered contained estrone-16-C" and estradiol-176 ,6,7-H?* in 
a mass ratio of 330 and a measured isotope ratio of 0.54. Es- 
trone obtained from the urine during the first half hour after 
administration had a measured isotope ratio of 0.59 and this 
value remained virtually constant for estrone throughout the 
study (Table I). During the first half hour the excreted es- 
tradiol contained so little C that this isotope could not be 
measured. Even by the 12th hour the measured isotope ratio 
for estradiol was different from the estrone isolated during this 
period; by the second day after the injection, however, the ex- 
creted estradiol had a ratio of C™ to H’ indistinguishable from 
the injected mixture. 

In the second study a mixture containing equal weights of 
the two hormones and a measured isotope ratio of 1.16 was ad- 
ministered to a different patient (Table II). Again estrone 
during the first half hour after administration had nearly the 
isotope ratio of the injected mixture since the ratio of C™ to 
H for the metabolite was 1.32. By the end of the first hour 
this value was experimentally indistinguishable from that of 
the injected mixture. As in the initial study, the estradiol dur- 
ing this same interval had a measured ratio of 0.05 and 0.28 
for the first two 30-minute periods. Even during the ninth 
hour after administration of the mixture of hormones, estradiol 
had an appreciably lower measured isotope ratio than either 
estrone or the injection mixture. 

In the third experiment a mixture containing a 7 to 1 mass 
ratio of estrone to estradiol] and a measured C™ to Hi ratio 
of 0.92 was administered. Again the estrone rapidly approached 
the isotope ratio of the injected mixture since during the first 
half hour after administration the ratio of C“ to H® was 1.15 
for the urinary metabolite. By the end of the second half hour 


J. Fishman, H. L. Bradlow, and T. F. Gallagher 
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TaBLe I 
Subject M (age 48, multiple sclerosis) 


Dose: Estrone-16-C™, 1 mg, 2.7 ue; estradiol-6,7-H?*, 3 ug, 20 
ue in 1 ml of propylene glycol; measured C™ to H® = 0.54. 


























cu to H? 
Mid-time 
Estrone Estradiol Estriol ml 
hours 
3 0.59* 0* 
i 0.56* 0.12* 
14 0.51* 0.15* 
23 0.49* 0.18* 0.50* 
4 0.50 0.26 0.42* 
9 0.53 0.43 0.44* 0.57* 
36 0.56 0.57 0.53 0.55* 
* Only peak tubes counted. 
TaBLe II 


Subject W (age 57, carcinoma of breast, oophorectomized 
and adrenalectomized) 
Dose: Estrone-16-C™, 2 mg, 5.4 uc; estradiol-6,7-H*, 2 mg, 20 
uc in 2 ml of propylene glycol; measured C™ to H® = 1.16. 











C4 to H3 
Mid-time 
Estrone Estradiol Estriol —— = 
hours 

t 1.32 0.05 

3 1.10 0.28 
1} 1.15 0.34 0.98 1.10* 
23 1.08 0.49 1.06 
34 1.14 0.65 1.05 0.86* 
43 1.09 0.80 1.03 
7} 1.15 0.93 1.11 0.97* 

















* Only peak tubes counted. 


the isotope ratio of estrone was indistinguishable from the in- 
jection mixture. In contrast, estradiol with C' to H? 0.08 and 
0.39 for the first two half hours had a clearly different isotope 
composition. Not until the sixth hour after administration had 
the estradiol become isotopically indistinguishable from the es- 
trone samples (Table III). During the time of greatest dis- 
parity in the measured isotope ratio of these metabolites, 7.e. 
from zero through the fourth hour, the amount of either iso- 
tope lost from the body by excretion was too little (2% of 
the dose) to have had any measurable effect upon the isotope 
ratio of the compounds within the body. 

Estriol—The estriol samples were almost indistinguishable iso- 
topically from the corresponding estrone samples in the earliest 
collection containing sufficient estriol radioactivity to permit 
differential isotope analysis. There was no significant change 
in the measured ratio at later times. The ability to detect 
estriol in patients W and R, at the times recorded was pos- 
sible only because of the large amount of radioactivity given 
in these studies. 

Other Metabolites—The intentionally large amount of radio- 
activity in the third study permitted isolation of 16-epiestriol 
early in the study when differences in isotope content between 
estrone and estradiol were still substantial. The isotope ratio 
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TasBie III 
Subject R (age 60, carcinoma of breast) 
Dose: Estrone-16-C4, 10.9 mg, 29.5 uc; estradiol-6,7-H*, 1.5 
mg, 150 ue in 3 ml of propylene glycol; measured C™ to H® = 0.92. 

















C to Hs 
Mid-Time 
Estrone | Estradiol | Estriol |,.2Meth- | Epiestriol 
hours | 
4 1.15 0.08 
3 0.84 0.39 0.72 0.82* 
1} 0.81 0.62 0.77 0.82* 0.77 
24 0.83 0.66 0.81 | 0.87 0.76 
44 0.85 | 0.74 | 0.80 | 0.91* 
74 0.87 0.81 0.86 0.85* 
Blood collection at 
4 hour | 
Free 4.00 0.04 
Conjugated 0.85 | 0.48 | 














* Only peak tubes counted. 


—— SUBJECT M (TABLE I) 
—-®-— SUBJECT W (TABLE II) 
s-onle--- SUBJECT R (TABLE ID 











0 2 4 6 + 
Mid-time in hours 
Fia. 1. Kinetics of the isotope composition of estradiol 


at this earliest practicable interval shows that this compound, 
too, had a measured isotope ratio very similar to estrone, es- 
triol, and the mixture injected. The same was true for 2-meth- 
oxyestrone. 

The “free” blood steroids at 30 minutes in Subject R (Table 
III) did not have the same isotopic composition as the con- 
jugated steroids. This is presumed to result principally from 
the persistence of small amounts of the injected estrogens not 
as yet withdrawn into tissues. The important fact is that the 
conjugated steroids, which had unquestionably entered the tis- 
sues as evidenced by formation of the glucosiduronate, showed 
essentially the same isotope composition as the urinary estro- 
gens measured about 30 minutes later. 

From .the radioactivity present in the blood sample it was 
calculated that 3.8% of the dose was in the estimated 4-liter 
volume. A large portion (66%) of this radioactivity was con- 
jugated, i.e. these were metabolites released from the tissues. 
Thus, only 30 minutes after the time of administration, some 
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98% of the relatively large amount of “free” hormone, 12.4 
mg, had been removed from the blood. 

In order to compare the studies more directly, the isotope 
ratio values of estradiol in each experiment have been divided 
into the corresponding final isotope ratio. The logarithms of 
the figures thus obtained are plotted versus mid-time in Fig. 
1, and straight lines are obtained for the earlier portion of all 
studies. The reactions cease to be first order during the late 
collection periods because other interconversions begin to show 
their effects. Although the first two experiments show lines 
with essentially identical slopes, the third experiment exhibits 
a quite different slope. In addition, the earliest point in this 
experiment is not on a straight line. A very reasonable ex- 
planation is the high radioactivity of the administered estradiol 
which, if cleared in small amount without conjugation, would 
contribute sufficient tritium to the metabolized and conjugated 
urinary estradiol to result in an abnormally low C“ to Hi ratio. 

As evident from Fig. 1 (9), some form of first order reac- 
tion kinetics applies to the change in isotope ratio of estradiol 
and of necessity to the reversible oxidation-reduction reaction. 
Recent studies of these estrogens with isolated enzyme systems 
(10-12) strongly suggest that a pyridine nucleotide-linked en- 
zyme system is involved in the reaction. Therefore, circum- 
stances must exist under which such a second order reaction 
would appear to exhibit first order kinetics. This is possible 
if, in the sites where principal metabolism of these hormones 
occur, the concentration of TPNH, DPNH, TPN, and DPN are 
very large relative to the concentration of estrogen. Under such 
circumstances there will be no significant change in the con- 
centration of the coenzymes during the course of reaction. Since 
the pH surely remains constant, the pertinent variable becomes 
the reciprocal alteration in the concentration of estrone and es- 
tradiol and a pseudo first order reaction is obtained. 


DISCUSSION 


These three studies, in which widely different mass ratios of 
estrone-C™ and estradiol-H® were injected, showed that urinary 
estrone and conjugated blood estrone at the earliest time ex- 
amined had virtually the same measured isotope ratio as the 
injection mixture. Urinary estradiol and conjugated blood es- 
tradiol, in contrast, contained relatively little C'*-radioactivity 
at this time. At a much later time the measured isotope ratio 
of estradiol approached that of the mixture injected and was 
virtually identical with this value during the following day. 

The only possible means by which tritium could appear in 
estrone was the oxidation in vivo of the administered estradiol. 
The blood and urine measurements at the earliest sampling 
showed that at least 90% of the tritium injected had been in- 
corporated into estrone. 

The early achievement of a C™ to H? ratio in urinary estrone, 
virtually but not completely identical with that of the injected 
mixture of steroids, indicates that estradiol is initially and al- 
most completely converted to estrone. Thus, Reaction I is rapid 


(1) Estradiol — Estrone 


even when the mass ratio of estrone was 333 to 1 of estradiol. 
Conversely, the later appearance of a C™ to H® ratio approach- 
ing that of the mixture injected indicates that this estradiol 
was formed secondarily from estrone. Therefore, Reaction Il 


(II) 


Estradiol — Estrone 
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is slow. These results are the same for the three widely vary- 


ing mass ratios studied. A necessary consequence of these rate 


differences is that estrone occupies a central position in estro- 


gen metabolism. 

The purpose of this study was to obtain information about 
the immediate precursor of estriol (16a-hydroxylation), epies- 
triol (168-hydroxylation), and 2-methoxyestrone (hydroxylation 
to form a catechol and subsequent methylation). It seems clear, 
from comparison of the isotope ratios of these metabolites at 
the earliest times that they appeared in measurable quantities, 
that their isotopic composition closely approximated that of es- 
trone and deviated considerably from estradiol. The simplest 
explanation of these facts is that estrone was the immediate 
precursor that was oxidized in the A and D rings. The in- 
teresting conclusion, then, is that estrone is the only direct 
metabolite of estradiol and all the other estrogens isolated rep- 
resent further alterations of estrone. 

The conclusions drawn from this study are summarized in 
Scheme 1. It is evident that 16-ketoestradiol (13, 14) and 16- 
ketoestrone (15) present problems with respect to their route 
of biogenesis. It is possible that 16-ketoestrone may be derived 
from oxidation of either 16a- or 168-hydroxyestrone and selec- 
tive reduction at C-17 of the diketone might explain the pres- 
ence of the third known ring D ketol metabolite. Experiments 
to study the pathway involved in the production of these com- 
pounds are now in progress. 

The rapidity of two reactions observed in this study deserves 
comment. The fact that in less that 30 minutes more than 98% 
of a large unphysiological amount of hormone had been removed 
from the circulation implies a highly effective mechanism for 
the capture of both estrone and estradiol by tissues. The speed 
of this process together with the very rapid oxidation of es- 
tradiol may be interpreted as an indication that: 

1. A single organ with a characteristic concentrating mecha- 
nism and oxidative enzyme system dominates, in a quantitative 
sense, the metabolic fate of the estrogenic hormone. This does 
not imply that this organ (probably liver) is the sole site for 
the immediate localization of estrogen since it is clear that many 
tissues must be able to obtain a supply of the hormone. How- 
ever, there must either be a great difference in the capacity 
of one organ and its oxidative enzyme system or a similar en- 
zyme must be widely distributed in organs and tissues. 

2. The systems responsible for the further metabolic altera- 
tion of the estrogen molecule, e.g. transformation to estriol, 
must have a similar tissue distribution since so little estradiol 
or estrone circulates in the blood. 

3. The biological activity of estrone may be due to the rel- 
atively slow reaction by which it is transformed to estradiol. 
On the other hand, considering the speed with which estrone 
is produced and the fact that all other metabolites are formed 
from estrone, it may be that this substance is in fact the cir- 
culating hormone as distinct from the product secreted by the 
glands. In this view, the reaction that regenerates estradiol 
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may be a means for the conservation and prolongation of es- 
trogenic action. 

4, Since in some species, particularly the rat, estradiol has a 
greater biological activity than estrone, it may be suggested 
that the rapid oxidation observed in the human may not occur 
to the same extent in these species. It is perhaps significant 
to note in this connection that reduction of estrone to estradiol- 
17a is characteristic of many animals (16) but is an insignifi- 
cant reaction in the human, if indeed it occurs at all. 

These considerations which arise from this study of the trans- 
formation of two related steroids, simultaneously administered, 
provide a basis for many other investigations of the dynamics 
of estrogen metabolism. It is believed that further study of 
these basic biochemical facts may well provide the means for un- 
derstanding how these hormones achieve their profound effects 
upon tissues and the metabolic systems under hormonal control 


SUMMARY 


A mixture of estrone-16-C™ and estradiol-6,7-H® in varying 
mass and isotope ratio was administered to three patients. Com- 
parison of the measured isotope ratio in estrone and estradiol 
in successive urine collections demonstrated that oxidation of 
estradiol to estrone must be more rapid than reduction of es- 
trone to estradiol. From the measured isotope ratio of other 
metabolites isolated it was concluded that estriol, epiestriol, and 
2-methoxyestrone are derived from estrone and not from es- 
tradiol. 
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Burstein and Lieberman (1) have reported a procedure for the 
examination of urinary ketosteroid sulfates which involves the 
extraction of an acidified urine with ethyl acetate followed by 
solvolysis of the sulfates in the organic phase at 39° for 24 hours. 
Although the previous authors (1) recognized that this technique 
partitions water and mineral acid into the ethy] acetate, they did 
not report a detailed examination of these factors on the rate of 
reaction. From kinetic evidence presented (2) for a variety of 
other solvents, one could expect that water would markedly 
inhibit the reaction, and we have obtained quantitative informa- 
tion in support of this. On the other hand, the role of acid is not 
clear. Conflicting results have been published (2); p-toluene- 
sulfonic acid was found to increase the rate of solvolysis of 
dehydroepiandrosterone sulfate in tetrahydrofuran-6% H.O, but 
the same acid had no effect in tetrahydrofuran-10% ethanol. 
Unfortunately, it is not obvious how these results can be extra- 
polated to a different solvent system and a different acid, viz. 
sulfuric acid in ethyl acetate equilibrated with water. In fact, 
Burstein and Lieberman (1) have reported that, when dehydro- 
epiandrosterone sulfate is solvolyzed in a two phase system 
containing sulfuric acid, water, and diethyl ether, the rate of 
reaction is enhanced by the acid merely by increasing the ex- 
tractability of the steroid sulfate from the aqueous to the organic 
phase. This seems to be at variance with their study (2) in 
tetrahydrofuran in which acid in the presence of water increased 
the rate of reaction itself. Finally, mechanistic considerations 
(2, 3) do not lead to an unequivocal prediction of the influence of 
acid. Both adipolar ion (RO+(H)SO; and an anion (ROSO;-) 
have been suggested as reactive intermediates. In the latter 
case, acid should decrease the rate of reaction, whereas with the 
former intermediate, either an increase or a decrease in the 
solvolysis rate might occur, depending on the quantitative aspects 
of Equation 1 which have not been evaluated. Furthermore, 


+ 


H 
ROSO;- + H* = ROSO;H = ROSOs pes ac ROSO.H (1) 
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there seems to be no inherent reason why the fully protonated 
cation might not be the species which undergoes cleavage. In 
this event, acid should increase the rate. In the absence of a 
detailed understanding of the mechanism and of the influence of 
solvent on it, predictions of the influence of acid in a particular 
case are speculation. 

Since definitive conditions for the hydrolysis of urinary steroid 
sulfates are at present a prerequisite to our interpretation of 
much of their biochemistry, we have undertaken a study of the 
effect of sulfuric acid on the solvolysis of dehydroepiandrosterone 
sulfate in ethyl acetate. Our investigations have led us to a 
technique by which the rate of reaction can be controlled through 
the adjustment of various defined parameters. We have also 
investigated the stability of 3 ,5-cycloandrostan-66-ol-17-one to 
the conditions of extraction and hydrolysis to clarify whether 
or not this 7-steroid is a metabolite (4) or artifact (5). 


EXPERIMENTAL PROCEDURE 


Materials—Potassium dehydroepiandrosterone sulfate was 
prepared according to the general procedure of Sobel and Spoerri 
(6). The yield of material melting at 216-218° (Kofler block), 
(see reference (2), m.p. 219-223°), was 40% when 2.5 times the 
stoichiometric amount of pyridine-SO; complex was used. Only 
a 10% yield was obtained with the recommended amount of 
complex. 

For the preparation of the crystalline sodium salt of dehydro- 
epiandrosterone sulfate, 200 mg of the potassium salt were 
dissolved in 40 ml of water and added to 60 ml of aqueous 5 M 
NaCl. The resulting suspension was extracted with 200 ml of 
ethyl acetate. The organic layer was added to 2 liters of ether 
which had been saturated with water. The sodium salt (120 mg) 
precipitated on cooling to 0° for 1 hour. It formed colorless 
needles, m.p. 166-169°; flame photometry showed the presence 
of sodium and the absence of potassium. Recrystallization 
several times from methanol raised the melting point to 182-186 
(Kofler block) (see reference (7), m.p. 192-193°). 

Ethyl acetate (reagent grade) was purified by extracting it 
with aqueous Na,COs;, then with water, drying over CaCla, and 
distilling twice. The other solvents and materials used were of a 
commercial reagent grade and were not further purified. 

Kinetic Experiments—All reactions were carried out in 
thermostated (-+0.3°) bath at the temperatures indicated. The 
disappearance of the steroid sulfate was measured by removing 
at appropriate times 1.0 ml of the reaction mixture, adding it to 
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1.0 ml of water, removing the organic solvent under a stream of 
nitrogen, and analyzing the solution according to the method of 
Roy (8) using methylene blue. The method was modified in that 
the optical density of the final chloroform solution was measured 
directly (without dilution with ethanol) on a Beckman model DU 
spectrophotometer at 660 my which we found to be the maximum 
of absorption of the complex produced. Beer’s law was obeyed 
over a range of concentrations equivalent to 0 to 40 ug per ml of 
steroid sulfate in the aqueous phase, and all measurements were 
referred to a standard straight line plot of optical density against 
concentration. Dehydroepiandrosterone did not interfere with 
the color produced by the corresponding sulfate. 

The kinetic experiments were performed by adding the appro- 
priate amount of commercial reagent grade sulfuric acid (freshly 
dissolved in ethyl] acetate) to the reaction mixture containing the 
sodium salt of dehydroepiandrosterone sulfate and diluting to a 
known volume. Solutions of the sodium salt were obtained by 
dissolving the crystalline material in ethyl acetate. In a few 
cases indicated, the solutions were prepared by directly extracting 
the sodium salt from a mixture of the potassium salt in aqueous 
3m NaCl. 

When the logarithm of the concentration of steroid sulfate 
was plotted against time, a straight line was produced in all 
eases. The reactions were usually followed until they were 60% 
complete. The half-time was obtained graphically and the first 
order rate constant (k’) was calculated from this. 

In all of the experiments, unless otherwise noted, the initial 
concentration of steroid in ethyl acetate was 6 X 10-' mM. The 
results of the kinetic experiments are shown in Figs. 1 and 2. 

Identification of Products—When pure sodium or potassium 
dehydroepiandrosterone sulfate was used as a starting material 
and sufficient time (>5 times the half-time period) was allowed 
for the reaction to proceed essentially to completion, dehydroepi- 
androsterone was identified as the product in the following way. 
The ethyl acetate solution was washed with aqueous 5% sodium 
carbonate solution, then with water, and finally dried over 
anhydrous sodium sulfate. The residue left after removal of the 
solvent at reduced pressure was chromatographed on paper in a 
ligroin-propylene glycol system of solvents (9). The rate of 
movement of the product was identical with that of a standard 
sample of dehydroepiandrosterone. On a strip of paper 45 cm 
long, no other 17-ketosteroid (determined by the Zimmermann 
color) was observed after a development time which allowed the 
dehydroepiandrosterone to move 12cm. The yield of dehydro- 
epiandrosterone, as measured by the intensity of the Zimmermann 
color before chromatography, was essentially quantitative. The 
product of reaction was identified in this way as dehydroepi- 
androsterone from runs made with a variety of concentrations of 
water and sulfuric acid. 

Analysis of Urine—A 24-hour specimen of urine (pH 6.1) 
from a 20-year-old white male was neutralized with aqueous 5% 
Na.CO; solution. One-third of the final sample was made 3 m 
with sodium chloride and extracted once with two volumes of 
ethyl acetate. The organic phase was dried with 6 g of anhy- 
drous sodium sulfate (commercial analytical reagent) for every 
100 ml of solution. To the dried and filtered extract was added 
sufficient sulfuric acid in ethyl acetate to make the final reaction 
mixture 2.0 < 10~ m in sulfuric acid. The solution was then 
kept at 30° for 16 to 20 hours, extracted with 100 ml of aqueous 
1 n NaOH solution and twice with 100 ml of water. The washed 
solution was dried over sodium sulfate and evaporated to dryness 
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Fig. 1. Effect of added H2SO, on the rate of hydrolysis of so- 
dium dehydroepiandrosterone sulfate (log concentration = 5.78, 
O, O; log concentration ="5.00, @) at 30° in ethyl acetate con- 
taining 2.8% of H:O by volume (0, @). The sodium salt was 
added directly to the reaction medium (0), @) or obtained in solu- 
tion by extracting an aqueous 3 M NaCl solution of the potassium 
salt with ethyl acetate at room temperature (25-30°). 
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Fic. 2. Effect of water on the rate of hydrolysis of dehydro- 
epiandrosterone sulfate (5.5 X 10-5 m) in ethyl acetate (at 30°) 
containing added sulfuric acid (2.0 X 10-* o). 


under reduced pressure at a temperature not exceeding 40°. The 
residue (15 mg) was transferred with several portions of benzene 
(total volume, 4.0 ml) to a column (9 mm diameter) of 6.0 g of 
alumina (Woelm, neutral) which had been deactivated with 4% 
of water (14). The column was eluted with a mixture of solvents 
which was continuously graded (14) by a siphon system from 
0.2% ethanol in benzene (140 ml) toward 2.0% ethanol in ben- 
zene. Fractions of 0.9 ml were collected and an aliquot of each 
was analyzed quantitatively by the Zimmermann method. 
Another aliquot of the fractions was submitted to further chro- 
matography on paper using a ligroin-propylene glycol system of 
solvents. Dehydroepiandrosterone, identified by paper chroma- 
tography, was eluted from the column with a peak fraction at 
Fraction 40. A standard sample waseluted in the same fractions 
in another chromatogram. The total weight of material from 
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Fig. 3. Equilibrium concentration of water in ethyl acetate at 
various temperatures after the organic solvent is shaken with 
pure H,O (---) (recalculated from the weight-per cent data given 
in reference (12)) and with 3 m aqueous NaCl (——). 





the urine aliquot in the fractions of this elution band was 730 ug, 
equivalent to 2.3 mg for the whole specimen. Recovery experi- 
ments showed we obtained a 65 to 75% yield. The corrected 
excretion was, therefore, 3.3 mg/24 hours for the person exam- 
ined. No measurable amount of etiocholanolone was observed 
in fractions near Fraction 60 where a standard sample was found 
to be eluted. A standard sample of androsterone was eluted 
near Fraction 53, and at this point in the chromatogram, the 
urine specimen showed the presence of less than 0.2 mg/24 hours 
of 17-ketosteroid. A standard sample of i-steroid was eluted in 
a band at Fraction 38, but paper chromatography of the corre- 
sponding fractions from the urine specimen showed that this 
compound (3,5-cycloandrostan-68-ol-17-one) was not present. 

Experiments with 3,5-Cycloandrostan-68-ol-17-one—The i- 
steroid was prepared from dehydroepiandrosterone tosylate by a 
modification of the procedure previously reported for poly- 
unsaturated steroids (10). The main difference in the method 
was that the time of reaction was extended to 3 hours in view of 
the lesser ease with which monounsaturated ( A‘) steroids undergo 
the 3,5-cyclosteroid rearrangement. The yield of material, 
recrystallized several times from acetone and melting at 138-140°, 
was 46% (see reference (11), m.p. 136-138°). 

When the 7-steroid was submitted to the hydrolytic conditions 
in ethyl acetate (2 x 10-* m sulfuric acid, 30°, 18 hours) and the 
product was separated and identified by chromatography on 
alumina and then on paper as in the procedures described above, 
only starting material (90%) was recovered. The same result 
was obtained when the 7-steroid (500 wg) was added to neutral 
urine (3 of a 24-hour specimen) followed by extraction, etc. 
The 7-steroid was eluted from the column with a peak fraction 
near Fraction 38. 


RESULTS AND DISCUSSION 


Extraction of the potassium salt of dehydroepiandrosterone 
from a neutral aqueous solution which was 3 m in NaCl with 
ethyl acetate brought the sodium salt of the steroid into the 
organic phase. Its presence in the ethyl acetate was firmly 
established by the addition of ether which caused it to precipitate 
in a crystalline form. The steroid salt proved to be quite stable 
in the organic solvent; less than 1% reaction took place at 30° 
during 5.days, and only upon the addition of sulfuric acid was 
there a significant conversion of the ester to the free alcohol. 
The reaction was first order in steroid and, over a definite range 
of concentrations, first order in sulfuric acid; as the concentration 
of added acid was increased above 10-4 m, however, the order in 
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sulfuric acid approached zero (Fig. 1). Nevertheless, sulfuric 
acid catalyzed the reaction at concentrations considerably in 
excess of the stoichiometric amount of steroid salt. We believe 
these findings clearly demonstrate that added acid catalyzed the 
over-all hydrolysis of the sulfate ester in ethyl acetate. 

As proposed earlier (2), the over-all “hydrolysis” appears to 
be a solvolysis, and water itself is, if anything, detrimental. 
This is demonstrated clearly in Fig. 2 in which a sharp decrease 
in the rate constant is seen to occur as the water content of the 
medium is increased. A decrease in the energy of activation 
when going from 6 to 3% water in tetrahydrofuran has already 
been reported (2), and it would appear that this is a general effect 
of water. We have, therefore, an interesting example of a com- 
pound, dehydroepiandrosterone sulfate, which can undergo 
solvolysis in two very different ways: (a) with S—O cleavage 
yielding dehydroepiandrosterone, and (b) with R—O cleavage 
yielding the 7-steroid (5), depending on the conditions of the 
reaction. 

To use solvolysis in ethyl acetate as an exact procedure for the 
hydrolysis of steroid sulfates, we have quantitatively studied the 
factors which have an important influence on the rate constant. 
They are (a) the acidity (Fig. 1), (6) the concentration of water 
(Fig. 2), and (c) the temperature at which the reaction is carried 
out. The rate constant varies from 0.539 hours at 30° to 0.19 
hours“ at 20° at a sulfuric acid concentration of 2.0 x 10 min 
ethyl acetate containing 1.0% water by volume. This corre- 
sponds to a 2.7-fold increase in the half-time period for the 10° 
decrease in temperature indicated. Aneven greater temperature 
dependence would be expected at lower concentrations of acid, 
and earlier data (2) suggest that this is so. It is evident from 
Figs. 1 and 2 that a factor of 2 powers of 10 can be introduced into 
the half-time period by varying the concentration of sulfuric acid 
from 10-* to 10-* m and that a factor of 160 can be produced by 
varying the concentration of water from 0% to the maximal solu- 
bility of 3.1% at 30°. A fourth and subtle effect is derived from 
the influence of water. In the analysis of natural, aqueous 
solutions, e.g. urine, the sulfate(s) are extracted with the ethyl 
acetate. The curves in Fig. 3 show that the solubility of water 
in ethyl acetate is significantly dependent on temperature. In 
particular, we have found that, when ethyl acetate is partitioned 
against aqueous 3 M NaCl, the content of water in the organic 
phase rises from 1.8% at 15° to 2.7% at 35°. Analogous but 
slightly higher percentages have previously been determined (12) 
for pure water and they were verified by us to within 0.2% water 
content. Our measurements were made using the intensity of 
the absorption band for water in the infrared region near 1.92 yu. 
When the values for the water content are compared with the 
data in Fig. 2 for the effect on the rate constant, it is evident that 
reasonable variations in room temperatures at which the extrac- 
tions are carried out can have a 38-fold effect onthe half-time 
period. From these observations, it is clear that to approach a 
100% yield in the hydrolysis, which is essential in the quantita- 
tive analysis of urine, a carefully controlled sequence of steps 
must be carried out. 

A simple procedure for the extraction, solvolysis, and analysis 
of urinary 17-ketosteroids is described in the experimental 
section; 3,5-cycloandrostan-6B-ol-17-one -was stable to the con- 
ditions both of reaction and separation.. Since 6-substituted 
3,5-cyclosteroids can react as'much as 10’ times as fast.as the 
corresponding 3-substituted A*-steroids in solvolytic reactions 
(13), we consider the stability of the i-steroid to our procedure 
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as evidence that unesterified steroidal 3-alcohols present in the 
urine do not undergo alkyl-oxygen cleavage during the solvolysis. 
Furthermore, since the sulfates would be expected (2) to undergo 
S—O cleavage, our procedure should liberate alcohols from sul- 
fate esters without artifact formation, and indeed dehydro- 
epiandrosterone was found to be the only product when its sulfate 
ester was used. The significant experimental points are the 
neutralization of the urine, addition of NaCl, extraction once 
with a volume of ethyl acetate equivalent to twice the volume of 
urine,! drying with sodium sulfate, acidification to 2.0 x 10~ m 
with sulfuric acid,’ and reaction at 30° overnight.2 Under these 
conditions, the half-time period is 2.3 hours. 

Application of the controlled acid-catalyzed solvolysis to a 
variety of normal and pathological subjects is currently in 
progress, and we shall report the details of this survey in another 
publication. At this time it can be said, however, that the urine 
of certain normal individuals did not contain detectable amounts 
(greater than 0.1 mg/24 hours) of the i-steroid. Such a case is 
described in the experimental section. Dehydroepiandrosterone 
was identified from a white male, 20 years old, at an excretion 
rate of 3.3 mg/24 hours. No 7-steroid was found. Of further 
interest, no etiocholanolone and only a trace amount, if any, of 
androsterone was observed. Since it is well known (e.g. refer- 
ence (14)) that these latter metabolites are present in human 
urine as the glucosiduronic acids in amounts equal to or greater 
than that of dehydroepiandrosterone, the method we are describ- 
ing seems to have the property of differentiating the free steroids 
or sulfate esters from the glycosides. In all normal urines which 
we have examined, etiocholanolone has been absent in the final 
products or present in amounts on the borderline of detection 
(ca. 0.1 mg/24 hours). The “two-phase” method reported in 
the literature (1) which utilizes an acidified (H.SO,) urine and 
solvolysis in diethyl ether has also been found (1) to yield only 
very small amounts of androsterone relative to dehydroxyepian- 
drosterone. Quite recently, Burstein et al. (15) have shown that 
sulfuric acid is not a good catalyst for the hydrolysis of glycosides 
in organic solvents containing water which might account for 
the selectivity of the procedure, but it might also arise from dif- 
ferent partition coefficients of the sulfates and glycosides between 


1 When aqueous 3 mM NaCl solution containing 60 ug per ml of 
potassium dehydroepiandrosterone sulfate was extracted in this 
fashion, 91% of the steroid was brought into the organic phase as 
the sodium salt. Such an extraction has been used by Burstein 
and Lieberman (1, 2). 

2 This reduced the content of water to 1.3% and thus greatly 
enhanced the rate. 

’ See Fig. 1. 
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water of high ionic strength and ethyl acetate. This point is 
being investigated. 


SUMMARY 


1. The solvolysis of sodium dehydroepiandrosterone sulfate in 
ethyl acetate has been found to be catalyzed by sulfuric acid, 
and quantitative data on the additional effect of water and tem- 
perature are reported; based on these findings, a procedure for 
the examination of urine is described. 

2. The extraction of dehydroepiandrosterone sulfate from a 
neutral urine, its solvolysis in ethyl acetate, and its separation 
and quantitative determination are described. 

3. 3,5-Cycloandrostan-68-ol-17-one was stable to the entire 
isolation procedure and was found to be absent in some normal 
urine specimens. 

4. Etiocholanolone was not observed in the final products from 
the examination of urine indicating the method described differ- 
entiates the free steroids and their sulfate esters from the gluco- 
siduronic acids. 
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We have reported the presence, in rat liver microsomes, of 
many A‘-3-ketosteroid reductases (5a) which catalyze the hy- 
drogenation of the 4-5 double bond of various unsaturated ster- 
oids to yield the corresponding 5a dihydrosteroids (1, 2). In 
this communication some characteristics of these enzymes, par- 
ticularly those relating to substrate specificity, will be described. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Preparation of Microsomal Fraction of Rat Liver—Female 
Sprague-Dawley rats were decapitated and their livers removed 
and placed on ice immediately. The microsomal fraction, pre- 
pared by differential centrifugation (3), was resuspended so that 
1 ml of suspension represented the microsomes in 1 g of liver. 
The most active preparations catalyzed the reduction of 450 
mymoles of cortisone! per minute per gram of original liver. 
Fresh microsomes varied almost 2-fold in activity. Steroid sub- 
strates and metabolites were chromatographed and located on 
paper as previously described (3). 

Assay of A‘-3-Ketosteroid Reductase (5a)—Reductase activity 
was determined by extracting, with dichloromethane or cyclo- 
hexane, aliquots of the reaction mixture which were removed be- 
fore and after incubation, and by measuring the decrease in opti- 
cal density that occurred with the saturation of the 4-5 double 
bond (3, 4). In cyclohexane, the Amax of the substrates was at 
232 and in dichloromethane at 240 my. In most experiments, 
excess TPNH was generated by coupling TPN reduction to the 
oxidation of isocitric acid in the presence of pig heart isocitric 
acid dehydrogenase (5). In experiments designed to determine 
the effect of pH, the affinity of the reductases for TPNH, or in- 
hibition by various reagents, TPNH as such was added to a mix- 
ture of steroid, microsomes, and buffer in a Thunberg tube at 
0°. An aliquot was removed, the tube evacuated, and, after an 
appropriate incubation, a second aliquot was removed. These 
aliquots were extracted with dichloromethane as in the regular 
assay and their optical density at 240 my determined. 

Inhibition by Steroids—The inhibitory effect of one steroid on 
the reduction of another was measured for many different steroid 
pairs. When the inhibitory steroid whose effect was to be meas- 
ured had no absorption at 240 my, the reduction of the 4-5-un- 
saturated 3-ketosteroid substrate could be measured as usual. 


* Present address, Department of Medicine Section of Derma- 
tology, Yale University School of Medicine, New Haven, Con- 
necticut. 

1 For systematic names, see Table I. 


When testing inhibition by A*-3-ketosteroids which, although 
absorbing ultraviolet light at 240 my, were not reduced by micro- 
somes and TPNH, all of the decrease in optical density at 240 
my observed in the assay could be attributed to the reduction of 
the substrate steroid. 

When both steroids in a pair could be enzymically reduced, 
only those steroids were used together which were separable on 
the basis of their different solubilities in cyclohexane. For in- 
stance, although both cortisone and 4-androstenedione were 
extractible from the reaction mixture into dichloromethane, only 
4-androstenedione could be extracted by cyclohexane. Loss of 
absorption at 232 my in cyclohexane extracts from reactions 
containing 4-androstenedione alone, or in combination with 
cortisone, reflected, therefore, only 4-androstenedione reduction 
since cortisone was not extracted. It was possible to determine 
in this way the effect of each steroid on the reduction of the other. 

The influence of cortisone on 4-androstenedione metabolism 
was ascertained by extracting the Cg steroid from the reaction 
mixture with cyclohexane and comparing the AOD232 with that 
obtained when 4-androstenedione was the only substrate present. 

The converse, the influence of 4-androstenedione on cortisone 
reduction, was then measured as follows. Two reaction mixtures 
were used, one containing 4-androstenedione and one containing 
both steroids. In the first, the rate of reduction of 4-androstene- 
dione was determined with dichloromethane as the extracting 
solvent. In the second, the AOD of dichloromethane extracts 
of the reaction mixture containing both steroids was determined. 
The effect of cortisone on the reduction of 4-androstenedione had 
been previously determined in the experiment in which cyclo- 
hexane was used for extraction. Consequently, the decrease 
in optical density attributable to cortisone reduction, in the 
presence of 4-androstenedione, was the AOD obtained when 
both steroids were present in the reaction mixture, less the 
AOD. obtained for 4-androstenedione alone (corrected for the 
effect of cortisone on its reduction). This value was then com- 
pared with a cortisone “‘standard,”’ in which the rate of reduction 
of cortisone was determined separately in the usual way with 
dichloromethane extractions. 


RESULTS 


Distribution of A‘-3-Ketosteroid Reductases (5a)—The en- 
zymes were present in liver but appreciable reducing activity 
could not be demonstrated in any of the following organs: brain, 
kidney, adrenal glands, spleen, stomach, lung, small intestine, 
gonads, epididymal fat pad, and skeletal muscle. Uncentri- 
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a cs 30 60 70 80 90 100 
% ACTIVITY RETAINED AFTER PREINCUBATION 
Fie. 1. Effect of preincubation of microsomes on reduction of 
Compound 8. Each reaction mixture contained, in a volume of 
2 ml, 10 zmoles of Tris buffer, pH 7.4, 1.5 umoles of TPN, 5 umoles 
of MgCle, 30 umoles of dl-isocitric acid, 0.2 ml of isocitric acid 
dehydrogenase, 100 ug of steroid (Compound §) (first dissolved in 
methanol, 2 mg per ml, then diluted with 9 volumes of hot water), 
and 0.2 ml of microsomal suspension (suspended in 0.25 m sucrose 
so that 1 ml represented 1 g of liver). Just before mixing the 
above components, 1 volume of microsomes was incubated at 37° 
for 5 minutes with 0.2 volume of solutions indicated in the figure 
so that the final concentration of the addition was 0.167 m except 
when CaCl, and ATP were combined, in which case CaCl: was 
0.337 mM. These ingredients were then mixed at 0° and assayed as 
described. These rates of reduction are compared graphically 
with a control experiment in which the microsomes were diluted 
with 0.2 volume of H,O but not preincubated at 37°. 


fuged homogenates, in which TPNH was generated as in the 
standard assay, were incubated for 10 or 15 minutes in an attempt 
to detect low rates of reduction. Though extrahepatic reduction 
of 4-5-unsaturated steroids has been reported previously (6), it 
may proceed too slowly to be detected by our method. 

Stability—Frozen microsomal suspensions were stable for 
approximately 10 days after which their activity rapidly de- 
clined. Freezing and thawing hastened this decay in activity. 

Compound § reductase declined to 48% of the control value 
when microsomes were preincubated at 37° for 5 minutes. ATP, 
0.017 m, completely prevented this decrease (Fig. 1). When 
calcium ion was added with the nucleotide, the stabilizing effect 
was abolished, which suggested that ATP acted through its 
ability to form complexes with divalent cations. Consistent 
with this, other chelating compounds, EDTA? and sodium pyro- 
phosphate, although not as effective as ATP, afforded some 
protection from heat inactivation. Similar results were obtained 
with cortisone and 4-androstenedione reductases. 

Substrates—Microsomal preparations were capable of reducing 
many different A‘-3-ketosteroids (Table I). Since rates of reduc- 
tion of different steroids by different preparations of microsomes 
vary, (1, 2) the values in Table I are only approximate and repre- 
sent averages of a large number of determinations with differ- 
ent microsomal preparations. As reported (2), the reduction of 
at least five of these substrates was catalyzed by separate en- 
zymes. It is of interest that A‘-3-ketosteroids with 1-2 un- 
saturation or methyl substitution at either C-2 or C-6, were not 
reduced. 


Michaelis Constants*—Michaelis constants, which might repre- 


*The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; PCMB sulfonic acid, p-chloromercuribenzenesulfonic 
acid. 

These are somewhat higher than previously reported, the 
variation resulting from differences in the method of calculation. 
Previously (1) they were approximated from a direct examination 
of substrate concentration plotted against velocity. 


J. S. McGuire, Jr., V. W. Hollis, Jr., and G. M. Tomkins 3113 


TaBLe [ 
Comparative rates of 5a-reduction of A‘-3-ketosteroids 


The reaction mixtures were identical to those in the legend of 
Fig. 1. 


Cortisone was always reduced in a companion experiment and the 
rate of reduction of steroid 


rate of cortisone reduction © 
Trivial names are listed first, systematic names follow. 


rate expressed as the ratio: 








A*-3-Ketosteroids reduced Ratio 





Cortisone; (Compound E); 17a:21-Dihydroxypregn- 

4-9nn-B: 3229-0: 20 ss os ss. a ae ees cee 1 
9a-Fluorocortisone-21 acetate.................2.0 ees 0 
9a-Chlorocortisone-21 acetate................ eee eee 0. 
9a-Bromocortisone-21 acetate 0 


Compound §; 17a:21-Dihydroxypregn-4-ene-3:20- 


ROI «5.5 ois 5555 ho sind bn.ein ele aks oe SE ee ee eae 1.5 
Cortisol; (Compound F); 116:17a:21-trihydroxy- 

ipRG 8 OND -0 + AO -IOOD s.. 5 51055555.0) 2-5 5's cies visi nia 0.9 
Epicortisol; lla: 17a:21-Trihydroxypregn-4-ene- 

See IOI oso. ea: 5 o:cerorses wha aacint wae ae aa eRe ot 0.3 
96-118-Epoxycortisol-21 acetate...................5- 0.5 
DOC; 21-Hydroxypregn-4-ene-3:20-dione............ 2.0 


Corticosterone; 118:21-dihydroxypregn-4-ene-3: 20- 

dione 
Epicorticosterone; 1la:21- Dihydroxypregn -4-ene - 

POURS. «. f x:00v-514s-+ rare » dua med eeatene aie RTA 
Progesterone; Pregn-4-ene-3:20-dione 
HE -Bietonresesterone «2.5.5 oo ss cap ths cuncs peg erie 
Ul-ERyGRORYPTOMeSGOPONS ... 2... ino cos hove Va 
17a:20-Dihydroxypregn-4-en-3-one..............++-. 
Testosterone; 178-Hydroxyandrost-4-en-3-one....... 
10-Nortestentorone: .. oS OR 
Androst-4-ene-3: 17-dione....655.55 5. CSV OEE Oa 
19-Norandrost-4-ene-3:17-dione...............0.0005 
Adrenosterone; androst-4-ene-3: 11:17-trione 
178-Methyl-androsta-4:9-11-dien-3-one 


NRE NE NNR ER © 
CoeoONKHWWH OR © 








A‘-3-Ketosteroids not reduced 





178-Hydroxyandrosta-1:4-dien-3-one 
Androst-1-ene-3: 17-dione 
Androsta-1:4-dien-3:17-dione 
6a-Methyl-11-ketoprogesterone 
68-Methyl-11-ketoprogesterone 
2-Methyl-11-ketoprogesterone 
17: 21-Dihydroxypregna-1: 4-diene-3: 20-dione 
2a-Methylcortisone 
6a-Methyleortisone 
2a-Methyl, 9a-fluorocortisol 
17a:21-Dihydroxypregna-1: 4-diene-3: 11:20-trione 
17:21: 118-Trihydroxypregna-1:4-diene-3:20-dione 
118: 17a: 21-Trihydroxy-9a-fluoro-16a-methyl-pregna- 
1:4-diene-3:20-dione 





sent either affinities of the enzymes for their substrates, or degree 
of penetration of substrate into the microsomes, are given in 
Table II. They were determined by the method of Lineweaver 
and Burk (7). The five constants, which cluster around two 
values, 1.4 * 10-4 and 3.2 * 10-5 a, were not obviously related 
to steroid structure, polarity, or physiological function. 
Nucleotide Requirement—The washed microsomal fraction was 
incapable of reducing A‘-3-ketosteroids unless TPNH was pres- 
ent. Despite the recent report of Leybold and Staudinger (8), 
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TaBLeE II 
Michaelis constants for microsomal A‘-3-ketosteroid reductases (5a) 








Substrate Kw for substrate* Km for TPNHt 
FRR ee epae 1.4 X 10-4 5.3 X 10-4 
REEtrierersteratiericee 1.5 X 10-4 6.2 X 10-4 
Andros-4-ene-3:17-dione......... 1.3 <X 10-4 5.7 X 10-4 
Ss a nee ee es eee 3.5 X 10-5 5.7 X 10-4 
MIONINNE ON 5555, 5 oy woven ovigecis 3 X 10-5 1.5 X 10-4 











* The reaction mixtures and assay were the same as in Fig. 1, 
except that the steroid concentration was varied from 10 yg to 
180 ug in a total volume of 2 ml. 

t Each reaction mixture contained in a total volume of 1.35 ml 
Tris buffer, pH 7.4, 10 umoles; steroid, 150 ug; microsomes repre- 
senting 200 mg of liver in 0.2 ml of 0.25 m sucrose; the final concen- 
tration of TPNH varied from 2 X 10-4 to 2 X 10-* m; reduced 
glutathione, 50 um. 


we found that this cofactor could not be replaced by DPNH, 
although, in preliminary experiments, steroid reduction appeared 
to proceed at 5% of the maximal rate when DPNH was gener- 
ated by a mixture of DPN, glucose, and glucose dehydrogenase 
(9). However, when DPNH was generated by DPN, ethanol, 
and yeast alcohol dehydrogenase, or when it was added as such 
to microsomes, substrate, and buffer in a Thunberg tube, which 
was then evacuated and incubated, no steroid was reduced. 
Thus, the slow rate of steroid reduction observed with the glucose 
dehydrogenase-DPN system was probably due to the glucose 
dehydrogenase-catalyzed reduction of a small amount of micro- 
somal TPN to TPNH. In fact, there was no significant differ- 
ence in the rate of steroid reduction with or without added DPN 
in the glucose dehydrogenase system. It has been reported (4) 
that in the reduction of some steroids catalyzed by soluble 58 
reductases, DPNH could serve as a cofactor. In view of the 
rigid cofactor requirement noted above with the microsomal 
(5a) enzymes, several soluble A‘-3-ketosteroid reductases (58) 
were reexamined and also found to be specific for TPNH. That 
is, although a system containing glucose dehydrogenase, glucose, 
and DPN would permit reduction, the system containing alcohol 
dehydrogenase, alcohol, and DPN would not. These findings 
are consistent with the explanation offered above. 

The Michaelis constants of five microsomal enzymes for 
TPNH, calculated according to Lineweaver and Burk (7), are 
also given in Table II. Four of these were virtually identical, 
whereas the other, the K,, of TPNH for compound § reductase, 
was about one-fourth that value. 

Flavin—Because of the frequent participation of flavoproteins 
in oxidation-reduction reactions involving double bonds, the 
question of an intermediate flavin electron carrier in the steroid 
reductase reaction was investigated. There is no evidence for 
such a flavin intermediate in the soluble (58) cortisone reductase 
(4). The association of the steroid reducing enzymes with 
microsomal particles which contain diaphorases, cytochrome C 
reductases, etc., made many tests for the participation of a flavin 
impossible. Sodium dithionite, however, (which might be ex- 
pected to reduce an enzyme-bound riboflavin derivative (10)) 
could not replace TPNH as the hydrogen donor. 

Reversibility—The microsomal fraction, although very active 
in the reduction of the A ring of A‘-3-ketosteroids, could not, in 
the presence of added TPN, catalyze the reverse reaction. The 
further addition of DPN, cytochrome C, FAD, or Safranin T 
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did not facilitate the introduction of a4-5 double bond into the 
A ring of a saturated 3-ketosteroid of either the 5a or 58 configu- 
ration. 

To rule out the possibility that other enzymes or cofactors 
were necessary for the oxidation, whole homogenates of adrenal, 
liver, spleen, heart, gut, kidney, and ovary were shaken aero- 
bically at 37° in the presence of FAD, cytochrome C, TPN, 
DPN, nicotinamide, and Tris buffer, pH 7.4. In no preparation 
was oxidation of ring A of either androstanedione, or etiocholane- 
dione observed. Homogenates of female rat liver were likewise 
unable to oxidize rmg A of dihydrocortisol or dihydrocortisone 
in the presence of TPN, cytochrome C, nicotinamide, and Tris 
buffer, pH 7.4. In the above experiments at the end of a 1- 
hour incubation period, the reaction mixtures were extracted with 
dichloromethane and the extracts subjected to paper chromatog- 
raphy. The very sensitive technique of soda fluorescence (11) 
was used to detect the formation of any a,6-unsaturated steroids. 
No such compounds were formed. This inability to demonstrate 
the reversal of the 4-5 hydrogenation with the microsomal frac- 
tion of rat liver is similar to the observations made with the 
soluble reductases (58) (4). 

Effect of Temperature—The velocity of the reduction was very 
sensitive to changes in temperature. An increase in temperature 
from 28°-38° increased the rate by a factor of 3.7. An Arrhenius 
plot, Fig. 2, of the logarithms of rates against reciprocal absolute 
temperatures is a straight line between 27 and 39°. In these 
experiments, excess TPNH was provided by the usual generating 
system and its concentration was not rate limiting at any of the 
temperatures used. 
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Fig. 2. Effect of temperature on steroid reduction. The reac- 
tion mixture was the same as in Fig. 1. Microsomes and the com- 
plete TPNH-generating system were incubated together at the 
desired temperature for 3 minutes before the reaction was started 
by adding androst-4-ene-3:17-dione which had been separately 
preincubated at that temperature. Aliquots were removed and 
extracted initially and at 5 minutes as in the regular assay. 
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Effect of pH—The effect of hydrogen ion concentration on the 
reduction of cortisone and 4-androstenedione was tested with 
Tris-maleate, acetate, and sodium phosphate buffers. TPNH, 
as such, was used in these experiments (see “Experimental Pro- 
cedure”) to obviate the effect of variations in acidity on the 
enzymic TPNH-generating system. With Tris-maleate buffer, 
the maximal velocities of reduction always lay between 5.5 and 
7.5. However, no consistent or discrete peak was obtained 
within these bounds. This same pattern was observed with the 
other buffers used. 

Inhibitors 

Phenylbutazone—Because of the anti-inflammatory effect of 
this compound and reports (e.g. 12, 13) that it inhibits steroid 
reduction, the effect of phenylbutazone on the reduction of 
cortisone and 4-androstenedione was tested. In these experi- 
ments, excess TPNH was generated by the isocitric dehydro- 
genase system, which was not affected by phenylbutazone. 
Phenylbutazone (0.8 mg) was used in a 2 ml-reaction volume. 
Before extraction, 0.2 ml of 3 n KOH was added to the dichloro- 
methane to render the phenylbutazone, which has strong ultra- 
violet absorption at 240 muy, insoluble in this solvent. No 
inhibitory effect of phenylbutazone was observed. Similar 
experiments with the soluble (58) reductases for cortisone, corti- 
sol, and compound § yielded identical results. 

p-Chloromercuribenzenesulfonic Acid—The reduction of 4-an- 
drostenedione was inhibited 80% by 2.5 x 10-4 m PCMB sul- 
fonic acid, and GSH, 5 x 10-* m, completely reversed this 
inhibition which suggested that, as with other oxidative enzymes, 
free sulfhydryl groups were necessary for catalytic activity. 

Antimycin A—Antimycin A (20 ug), an inhibitor of electron 
transport (14), was added in 0.05 ml of ethanol to a standard 5a 
reductase assay. There was 20% inhibition of cortisone, 10% 
inhibition of compound §, and no inhibition of 4-androstenedione 
reduction when compared with controls containing 0.05 ml of 
ethanol. These low levels of inhibition do not suggest that 
interference with electron transport specifically affects steroid 
reduction. 

Inhibition of Steroid Reduction by Other Steroids—As might 
be expected from their structural similarity, many steroids were 














Taste III 
Per cent inhibition of reduction by “nonsubstrate’’ steroids* 
Substrates Androst-4- 
Inhibitors ene-3: 17- 
F E s | poc dione 
Androst-l-ene-3:17-dione......... 71 | 55| 7| 10 5 
178-Hydroxyandrosta-1:4-dien- 

PEELE OE 50 
5e-Androstane-3:17-dionef........ 42 | 30 | 15 8 0 
58-Androstane-3:17-dione......... 0; 0; 0 0 0 
6a-Methyl-11-ketoprogesterone. ..| 30 | 25 | 11 0 3 
68-Methyl-11-ketoprogesterone....| 50 | 50 
2a-Methylcortisone............... 0/; 0; 0; O 0 
6a-Methyleortisone............... 0}; 0}; O|} O 0 




















* Systematic names for abbreviations and trivial names are in 
body of Table I. Components are asin Table I. The inhibiting 
steroid was added, 100 ug in 0.05 ml of methanol. In control ex- 
periments, only the methanol was added to the reaction mixture. 

+ These data, previously presented (2), are included here for 
comparison. 
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Fig. 3. Inhibition of cortisone reduction by 178-hydroxyan- 
drosta-1:4-dien-3-one. The reaction mixture was the same as in 
Fig. 1. The substrate concentration was varied as indicated and 
the inhibiting steroid was present at a final concentration of 1.4 X 
10-* m, @——®,, with inhibitor; O——O, without inhibitor. 


found to inhibit the reduction of A‘-3-ketosteroids. Some 
steroid inhibitors were themselves substrates for the microsomal! 
reductases and others were not metabolized by this system (Table 
III). The substrates tested are listed horizontally at the top 
of the table, and the potential inhibitors, vertically at the left. 
Six ring A-unsaturated steroids were tested, and their inhibitory 
potency was approximately inversely related to the number and 
bulkiness of the substitutions on the steroid nucleus. For ex- 
ample, the smallest inhibitory steroid, 1-androstene-3 , 17-dione, 
interfered with the metabolism of all the substrates examined. 
The reduction of compounds E and F was inhibited 55 and 71%, 
respectively, by approximately equimolar concentrations of the 
1-unsaturated inhibitor, and the hydrogenations of compound §, 
4-androstenedione, and DOC were uniformly inhibited, but to a 
smaller degree. 

On the other hand, 6a-methyl-11-ketoprogesterone inhibited 
only the metabolism of compounds E, F,andS. These examples 
illustrate a relationship between the relative sizes of the inhibitors 
and the substrate molecules. That is, the inhibitor must be less 
bulky than the substrate. It is significant in this regard that 
the two “largest” steroids tested as inhibitors, 2a and 6a-methyl- 
cortisone had no effect on any of the substrates tested. 

The two isomeric ring A-saturated steroids, 5a- and 56-an- 
drostanedione, had very different inhibitory activities. In the 
5a- isomer, the A and B rings are approximately coplanar, re- 
sembling the structure of a 4-5-unsaturated 3-ketosteroid. This 
compound inhibited certain substrates. By contrast, the 58- 
isomer, the A and B rings of which deviate considerably from 
coplanarity, failed to inhibit the reduction of any substrate. 

Where inhibition was observed, it seemed likely that it would 
be competitive, and kinetic studies employing cortisone as a 
substrate and 176-hydroxyandrosta-1,4-diene-3-one as an in- 
hibitor revealed that this was indeed the case (Fig. 3). The 
substrate K, was 1.4 X 10-* m and the apparent K,, in the 
presence of inhibitor was 2.8 x 10-*m. The Kj, derived from 
the expression: 


K~» (inhibitor) 


Apparent K, = Km + K, 


, was 146 X 10“ m 


4 
f 
f 
} 
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The reduction of certain steroids was also inhibited by other 
steroids which were themselves substrates for the microsomal 5a 
reductases. Only those pairs were used in which the metabolism 
of each steroid could be evaluated independently (see ‘‘Experi- 
mental Procedure’”’). The following steroids completely inhib- 
ited the reduction of cortisone or cortisol when present in equal 
concentrations: 19-nortestosterone; androst-4-ene-3:17-dione; 19 
norandrost-4-ene-3:17-dione; progesterone; 11-ketoprogesterone; 
and DOC. Adrenosterone inhibited cortisone and cortisol 40% 
and 30%, respectively, and its reduction was inhibited 30% by 
cortisone. This was the only inhibition by cortisone observed. 
Again, as with the nonsubstrate inhibitors, it was found that the 
small steroids inhibited the metabolism of the larger ones. In 
this case, with the exception of adrenosterone, the additional 
information was obtained that the reduction of the smaller (in- 
hibitory) steroid was not affected, although it was simultaneously 
inhibiting the hydrogenation of the larger molecule. 2.2 x 
10-‘ m cortisone, for example, did not inhibit the reduction of 
3.3 X 10-5 m 4-androstenedione whereas this concentration of 
4-androstenedione inhibited completely the reduction of 2.2 x 
10-4 m cortisone. 

The kinetics of the interaction of the two substrates and their 
enzymes could not be analyzed in detail because of the simulta- 
neous reduction of the inhibitory steroid. The Michaelis con- 
stants for cortisone and 4-androstenedione are virtually identical 
(see Table II). The complete inhibition of cortisone reduction 
by lower concentrations of 4-androstenedione indicates that the 
Cy diketone has a greater affinity for the cortisone 5a reductase 
than for its own 5a reductase. As 4-androstenedione is reduced 
to 5a-androstanedione, however, its ability to inhibit the reduc- 
tion of cortisone diminishes accordingly. 


DISCUSSION 


In an earlier paper (2), we presented evidence that there are 
several A‘-3-ketosteroid 5a reductases and in the present com- 
munication some of the characteristics of these enzymes have 
been examined. That they are restricted to the liver suggests 
that the reduction they catalyze is not essential for general 
cellular metabolism and is probably not related to the mechanism 
of steroid action, even though they permit unsaturated steroids 
to act as oxidizing agents for TPNH which may have further 
consequences for liver cell metabolism (15). 

The mechanism of the reductase reaction has several interest- 
ing characteristics. As was the case with cortisone 58 reductase, 
no evidence for an intermediate riboflavin electron carrier was 
obtained, an unusual situation for enzymes that catalyze the 
reduction of carbon-carbon double bonds. Furthermore, the 








TaBLeE IV 

Comparison of steroid reductases 
Isomer formed............... 5a 58 
Intracellular location........ microsomes | 100,000 X g super- 

natant fluid 

pg eS eee particulate | soluble 
pS ee liver liver 
MINUONS sc Seve hiteg bee ote TPNH TPNH 
Cofactor Km (Cortisone)..... 5.3 xX 10-* | 14x 10-5 
Substrate K,, (Cortisone)....| 1.4 * 10-4 | 3.4 X 10-5 
apr iarr ee 5.5-7.5 acidic 
Equilibrium of reduction..... irreversible | irreversible 
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irreversibility of the reaction was not predictable on thermo- 
dynamic grounds since Levy and Talalay (16) have described 
bacterial enzymes which catalyze the irreversible dehydrogena- 
tion of ring A-saturated 3-ketosteroids of both the 5a and 56 
substrates with phenazine methosulfate as an electron acceptor. 
It is apparent from this that the free energy change involved in 
reducing a double bond is not sufficiently great to account for 
the unidirectional catalysis by the liver enzymes. 

Analogously, there are liver enzymes which catalyze the irre- 
versible, TPNH-dependent reduction of a,8-unsaturated fatty 
acyl-CoA esters (17) and different proteins which, with flavins 
as intermediate carriers, catalyze the a,8 unsaturation of satu- 
rated fatty acyl-CoA esters (18). 

Liver microsomes have the capacity to reduce a large number 
of both natural and synthetic A‘-3-ketosteroids. Specific alter- 
ations in molecular structure, such as 1-2 unsaturation, methyla- 
tion at 2a or 6a or 68, prevent the hydrogenation. Other 
changes such as halogenation at 9a-, the inversion of the hydroxyl 
at 118, or the absence of the angular C-19 methyl, retard the 
reaction, whereas methylation at 17a- or unsaturation at 9- 11- 
or 16- had no apparent effect. Experiments in which two 
steroids were simultaneously incubated with microsomes and 
cofactor, indicated that, in general, the reduction of larger ster- 
oids was inhibited by smaller steroids whether or not the inhib- 
itor was itself reduced. This observation, together with the 
evidence that there are a number of 5a reductases, leads to a 
model of extensive enzyme-substrate interaction with contact at 
many points. Thus, an enzyme for a smaller steroid (4-andros- 
tenedione) could not interact with, 7.e. be inhibited by, a mole- 
cule (cortisone) larger than the substrate. 

There is the possibility that 4-androstenedione, although inter- 
acting with cortisone reductase, thereby inhibiting the reduction 
of cortisone, is itself reduced by the cortisone enzyme, as well as 
by its own reductase. It is true that all the reducible steroids 
inhibiting the reduction of cortisone are metabolized at a more 
rapid rate than cortisone, as if more enzyme were available. 
However, the values obtained for the Km’s for enzyme-substrate 
interaction favor the view that a single substrate is metabolized 
by only a single enzyme since a single component linear plot was 
obtained by the method of Lineweaver and Burk (7) indicating 
a single constant representing enzyme-substrate interaction. 
This would not have been the case if 4-androstenedione were 
reduced by the cortisone reductase in addition to its own reduc- 
tase because the affinity of cortisone reductase for androstenedione 
(as determined by inhibitor experiments) was greater by an order 
of magnitude than the affinity of the 4-androstenedione reductase 
for 4-androstenedione. 

The possibility that the cortisone reductase is relatively non- 
discriminating and can accept smaller substrates whereas the 
enzyme responsible for the reduction of a smaller steroid such as 
4-androstenedione is highly specific could not be subjected to 
further experiment because the reductases could be neither 
solubilized nor separated from each other. 

It may be pertinent that the soluble 58 cortisone reductase 
was examined and did not reduce steroids smaller than cortisone 
(4) although such compounds inhibited the reduction of corti- 
sone.* 

This interference in the reduction of one steroid by another 
could have physiological consequences if 4-5 unsaturation is 


4 Unpublished observations by the authors. 
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necessary for hormonal activity. By inhibiting their metabolism 
one steroid might potentiate the action of others. 

As a result of these and previous investigations, it appears 
that there are in the liver two enzymes which can catalyze the 
reduction of a single A‘-3-ketosteroid to either its corresponding 
5a or 58 reduced 3-keto derivative. A comparison of the prop- 
erties of the 5a and 58 series for a given substrate, cortisone, is 
shown in Table IV. 


SUMMARY 


1. Some of the properties of the microsomal steroid reductases 
(5a) have been studied. 

2. These enzymes have a high substrate specificity, an abso- 
lute requirement for reduced triphosphopyridine nucleotide as a 
cofactor, and catalyze an apparently irreversible reduction. 

3. The reduction of a given steroid can be competitively in- 
hibited by a smaller, 7.e. less substituted, steroid. The possible 
implications of this inhibition are discussed. 
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B-Diethylaminoethyl diphenylpropylacetate hydrochloride 
(SKF 525-A) has been shown to inhibit a number of reactions 
involved in drug metabolism (1), including side-chain oxidation, 
dealkylation, deamination, hydroxylation, and deesterification. 
More recently this compound was found to decrease significantly 
the plasma cholesterol levels in several animal species (2). How- 
ever, these studies afforded no information concerning the pos- 
sible mechanism whereby this compound produced its hypo- 
cholesterolemic effect. In the experiments reported here, this 
drug has been found to inhibit the conversion of mevalonate-2-C™ 
to cholesterol. It also interfered with the incorporation of this 
substrate into other nonsaponifiable lipids, but it did not affect 
the decarboxylation of mevalonate-1-C. These data suggest 
that the site of inhibition lies between isopentenyl pyrophosphate 
and squalene on the biosynthetic pathway leading to cholesterol. 


EXPERIMENTAL PROCEDURE 


Animals—Carworth strain male rats weighing 60 to 120 g were 
used in this study. In agreeement with the observations of 
Wood and Migicovsky (3), it was found that rat liver homog- 
enates prepared from animals on a Purina fox chow diet sup- 
plemented with corn oil had a greater capacity to incorporate 
acetate-1-C™ into cholesterol than did homogenates from the 
control group. In addition, the presence of corn oil in the diet 
enhanced the ability of liver homogenates to incorporate meva- 
lonate-2-C™ into cholesterol.!_ Unless otherwise specified, all 
animals were maintained on a Purina fox chow diet supplemented 
with 20% corn oil. 

Preparation of Homogenates—The liver homogenates were 
prepared by the method of Bucher (4) in phosphate buffer (0.08 
M, pH 7.2) containing MgCl: (0.004 m), and nicotinamide (0.03 
M). The turbid supernatant solution obtained after centrifuging 
the homogenate at 500 x g for 2 minutes was used as the source 
of enzymes. 

Incubation—The standard reaction mixtures contained either 
mevalonate-2-C™, or mevalonate-1-C™, in the amount specified, 
1.75 pmoles of ATP, 2.0 umoles of TPN, 66.0 umoles of nico- 
tinamide, 10.6 umoles of MgClo, 276.0 umoles of phosphate to 
give pH 7.2, and 0.5 ml of rat liver homogenate, in a final volume 
of 2.5 ml. 

Studies of the incorporation of mevalonate-2-C™ into non- 
saponifiable lipid were carried out aerobically in the Dubnoff 


1 W. L. Holmes, unpublished observations. 


metabolic shaker at 37°. The reaction was stopped by the 
addition of 3 ml of 15% KOH in 50% ethanol to each reaction 
mixture followed by heating to 65-70° for 10 minutes. 

Studies of the decarboxylation of mevalonate-1-C™ were 
carried out aerobically in 15-ml Warburg vessels. The en- 
zymatic reaction was stopped by the addition of 0.2 ml of 3.5™ 
H,SO, from the side arm of the flask. Shaking was continued 
for 1 hour after the addition of the H.SO, to ensure complete 
distillation of the CO: from the reaction mixture into 10% KOH 
in the center well. 

Isolation and Separation of Nonsaponifiable Lipids—The par- 
tially saponified reaction mixture was transferred to a 30-ml, 
screw-capped culture tube, the beaker was rinsed with 3 ml of the 
alcoholic KOH solution which was then added to the contents of 
the culture tube. Saponification was completed by heating the 
tightly capped tube in a water bath (75-80°) for 60 minutes. 

The saponified reaction mixtures were extracted twice with 10 
ml portions of light petroleum ether. 
were washed once with 10 ml of water, dried over anhydrous 
Na2SQ,, and finally made up to a volume of 25 ml with petroleum 
ether. This solution contains the total nonsaponifiable lipid. 

A suitable aliquot of the petroleum ether extract was evap- 
orated to dryness in a 12-ml, heavy duty centrifuge tube. The 
residue was dissolved in 3 ml of acetone-absolute ethanol (1:1, 
volume for volume), and 2.5 mg of carrier cholesterol in 0.5 ml 
of ethanol was added to this solution. The 3-6-hydroxy sterols 
were precipitated by the addition of 7 ml of 0.5% digitonin in 
50% ethanol. After standing at room temperature for 16 hours, 
the digitonide precipitate was recovered by centrifugation, 
washed once with 90% ethanol, once with acetone, once with 
acetone-ether (1:2, volume for volume), and finally with petro- 
leum ether. 

Measurement of Radioactivity—C™“O2 was precipitated as the 
barium salt. The C activity, measured with a Nuclear D-47 
thin window gas flow counter, was corrected to infinite thinness. 

The 3-8-hydroxy sterol digitonide was transferred quantita- 
tively to a counting vial with 10 ml of phosphor solution (0.4% 
2,5-diphenyloxazole in toluene). The digitonide suspension was 
stabilized by shaking with 3.0% Thixcin for 1 hour. For deter- 
mination of the C" activity of the total nonsaponifiable fraction, 
suitable aliquots (1 to 2 ml) of the petroleum ether extract were 
added directly to 9.0 ml of the phosphor solution. The radio- 
activity in the Thixcin gel and the liquid samples was determined 
with a Packard Tri-Carb liquid scintillation counter. A suff- 
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cient number of counts was taken to reduce the statistical error 
of counting to less than 5%. Cholesterol-4-C™ was used as an 
internal standard to correct the counts for quenching. 

Materials—Mevalonate-2-C“ was obtained from the Volk 
Radiochemical Company and from Tracerlab. Mevalonate-1-C™ 
was kindly supplied by Dr. 8S. Gurin. 

A solution of the inhibitor was prepared freshly each day. A 
suitable dilution of this material in water was neutralized to a 
slight turbidity (pH about 5.5) immediately before its addition 
to the reaction mixtures. 


RESULTS 


Effect of Drug on Conversion of Mevalonate to Nonsaponifiable 
Lipids—The results of early experiments showed that the drug 
inhibited the conversion, by rat liver homogenates, of meva- 
lonate-2-C' to cholesterol during an incubation period of 75 
minutes. Furthermore, the distribution of radioactivity between 
the digitonide-precipitable sterols and the other components of 
the nonsaponifiable fraction indicated that the inhibitor blocked 
the metabolism of mevalonate at an early stage. 

The effect of the inhibitor on the conversion of mevalonate to 
nonsaponifiable lipids by rat liver enzymes, during a 10-minute 
incubation, is shown in Table I. These data show that the syn- 
thesis of nonsaponifiable lipid is inhibited markedly by this com- 
pound, even during the brief incubation period used in this study. 
Also, the magnitude of the inhibition clearly is dependent on the 
concentration of the inhibitor. The percentage of inhibition of 
incorporation of mevalonate into the total nonsaponifiable and 
digitonide-precipitable fractions in the presence of increasing 
concentration of inhibitor again suggested an interruption of the 
biosynthesis of cholesterol at an early stage in the reaction se- 
quence. These studies, however, did not provide any informa- 
tion concerning the nature of the inhibition produced by the 
drug. 

Studies of Kinetics of Conversion of Mevalonate to Nonsaponi- 
fiable Lipid—The kinetics of the complex multienzyme system 
which converts mevalonate to nonsaponifiable lipid were studied 
before investigating the nature of the inhibition caused by the 
drug. The time course of the conversion of mevalonate to total 
nonsaponifiable lipid and digitonide-precipitable sterol by two 
concentrations of rat liver homogenate is shown in Fig.1A4. The 


TaBLeE I 
Effect of B-diethylaminoethyl diphenylpropylacetate hydrochloride 
on conversion of mevalonate-2-C'4 into nonsaponifiable lipid 
The standard incubation mixture described in text was used. 
Each reaction mixture contained pt-mevalonate-2-C™, 1.0 umole 
(34,340 c.p.m.), and inhibitor as indicated. Incubation time was 
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10 minutes. 
Total nonsaponifiable Digitonide-precipitable sterol 
Concentration of 
inhibitor MVA = MVA = 
Mevalonate Inhibition Mevalonate Inhibition 
incorporated incorpora 
xX 10+ Mu umole % pmole % 
None 0.092 0.045 
0.1 0.089 3.3 0.039 13.3 
0.5 0.074 19.5 0.031 31.2 
1.0 0.063 31.5 0.030 33.4 
5.0 0.019 78.2 0.011 75.5 
10.0 0.010 89.5 0.005 89.0 
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Fig. 1. (A) Time course of the incorporation of mevalonate-2- 
C* into nonsaponifiable lipid. The standard reaction mixture 
containing 1.0 umole of mevalonate-2-C' was used. @——®@, 
incorporation into total nonsaponifiable lipid; O——O, incorpo- 
ration into digitonide-precipitable sterol; solid curve, 0.6 ml of 
enzyme; broken curve, 0.8 ml of enzyme. (B) Effect of enzyme 
concentration on the rate of incorporation of mevalonate-2-C™ 
into nonsaponifiable lipid. The standard reaction mixture con- 
tained 1.0 umole of mevalonate-2-C™, but no Mn**. Incubation 
time, 10 minutes. @——®, incorporation into total nonsaponi- 
fiable lipid; O——O, incorporation into digitonide-precipitable 
sterol. Solid curve, liver homogenate; broken curve, liver homog- 
enate plus 0.5 ml of boiled supernatant. 
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Fic. 2. Effect of increasing concentration of substrate on the 
rate of incorporation of mevalonate-2-C into nonsaponifiable 
lipid. Standard reaction mixture was used. Incubation time, 10 
minutes. @——®@, incorporation into total nonsaponifiable; 
O——O, incorporation into digitonide-precipitable material. 


rate of reaction is linear for 10 to 20 minutes with 0.8 ml of homog- 
enate, and for 20 minutes with 0.6 ml of enzyme. 

Varying the concentration of enzyme from 0.2 to 0.8 ml of 
homogenate resulted in a marked dilution effect (Fig. 1B). The 
data show that the rate of conversion of mevalonate to non- 
saponifiable lipid was nearly proportional to enzyme concentra- 
tion when the supernatant of boiled homogenate was added to 
the reaction mixtures. Cysteine (30 ywmoles), glutathione (30 
umoles), DPN (1 umole), CoA (1 umole), and additional ATP 
(1.7 umoles) were ineffective in overcoming the dilution effect. 
Mn** (2 to 4 wmoles) had an effect similar to that of boiled 
enzyme. The optimal concentration of Mn++ was found to vary 
from one experiment to another. The effectiveness of Mn*+ 
probably depended on the length of time the homogenate was 
prepared before use (5). 

The effect of varying the substrate concentration (Fig. 2) 








3120 

















Vg (M xl0°) 


Fic. 3. The effect of the drug on the rate of conversion of 
mevalonate-2-C to total nonsaponifiable lipid. The standard 
reaction mixture was used with varying amounts of mevalonate. 
The rate (v) was determined by measuring the amount of C™* 
incorporated into nonsaponifiable lipid during the 0- to 10-min- 
ute interval. @——@, varying amounts of mevalonate-2-C"; 
O——O and O——O, varying amounts of mevalonate-2-C" plus 
drug (final concentration 2 X 10-4 m, and3 X 10~‘ M, respectively). 
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Fia. 4. The effect of the drug on the rate of decarboxylation of 
mevalonate-1-C. The standard reaction mixture was used. 
The rate (v) was determined by measuring the CO, formed during 
the 0- to 10-minute interval. @——@, varying amounts of 
mevalonate-1-C'*; O——O and O——O, varying amounts of 
mevalonate-1-C" plus drug (final concentration 2 X 10-4 m, and 
4 X 10-‘ M, respectively). 








showed that a concentration of 4 x 10-‘ m mevalonate was 
sufficient to produce maximal rates under the conditions used in 
this study. 

Kinetics of Drug-induced Inhibition—A Lineweaver-Burk (6) 
plot of the effect of two concentrations of the inhibitor on the 
conversion of mevalonate to nonsaponifiable lipid is presented in 
Fig. 3. The curves were fitted to the experimental points by the 
method of least squares. It is evident that this plot gives a 
series of nearly parallel lines. Furthermore, an analysis of these 
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data shows that the inhibitor produces approximately the same 
proportional changes in apparent K,, and Vmax. Although g 
complex multienzyme system was used to obtain these data, they 
indicate that the inhibition is of the so-called uncompetitive 
type (7, 8). 

Attempts to Localize Site of Action—In an attempt to localize 
the site of action of the drug, its effect on the decarboxylation 
of mevalonate-1-C™ was investigated. The data in Fig. 4 show 
that this compound had practically no effect on the decarboxyla- 
tion of mevalonate when tested at concentrations known to mark- 
edly inhibit the conversion of this substrate to nonsaponifiable 
lipid. 

The method of Popjék (9) was used to study the distribution 
of radioactivity among the petroleum ether-soluble C*-labeled 
components of the reaction mixture. Rat liver homogenate 
from which the mitochondria had been removed by centrifuga- 
tion at 10,000 x g (Sio enzyme) (10) was used as the source of 
enzymes in this study. The total nonsaponifiable fraction was 
partitioned into petroleum ether from the alkaline incubation 
mixture after saponification with KOH. The aqueous residue 
was then acidified to pH 1.0 with H.SO,. After the solution 
had stood at room temperature for 1 hour, the pH was readjusted 
to 10.0 with KOH, and the neutral C-labeled substances were 
extracted with petroleum ether. It is evident (Table II) that 
the drug markedly inhibited the incorporation of mevalonate-2- 
C into both the total nonsaponifiable lipid and digitonide-pre- 
cipitable material. Moreover, the data show a large accumula- 
tion of the neutral petroleum ether-soluble fraction in the 
inhibited reaction mixtures. It is presumed, based on the find- 
ings of others (9, 11, 12), that this fraction is comprised of pre- 
squalene branched chain alcohol intermediates, i.e. the poly- 
prenols. 

Chromatography of an alcohol-ether extract of reaction mix- 
tures described in Table II on Whatman No. 1 filter paper in 
the system n-butanol-water-formic acid (77:10:13) (13) revealed 
the accumulation in the inhibited reaction mixture of a com- 
pound with an Rp (0.34) corresponding to that reported for iso- 
pentenyl pyrophosphate. An aqueous solution of the alcohol 
pyrophosphates was prepared from inhibited reaction mixtures 
by the method of Popjék (9). After hydrolysis of the pyrophos- 
phates with cobra venom at pH 9.0, and addition of small 


TaBLe II 
Distribution of radioactivity between 
petroleum ether-soluble compounds 


The standard reaction mixture containing 2.0 umoles of meval- 
onate-2-C™ (550,000 c.p.m.), 5.0 uzmoles of ATP, and 10 umoles of 
KF was used. Each reaction mixture contained 1 ml of the S1o 























enzyme. Inhibitor concentration was 5 X 10-4 m. Incubation 
time, 15 minutes. 
Control Drug inhibited 
Fraction - ; 
Cpm. leovery*| CPM | covery*| hibition 
% % % 
Total nonsaponifiable. ...| 115,000 | 21.0 | 77,000 | 14.0 | 33.2 
Digitonide-precipitable...| 38,500 | 7.1 | 22,000} 4.0 | 43.0 
Petroleum ether-soluble 
polyprenols............ | 9,000 | 1.6 | 48,000 | 8.7 








* Recovery expressed as percentage of the initial radioactivity. 
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Fig. 5. Chromatographic separation of the 3,5-dinitrobenzo- 
ates of the C'*-labeled polyprenols recovered from the drug-inhib- 
ited reaction mixtures. Descending chromatography on What- 
man No. 1 paper impregnated with 10% light mineral oil; the 
developing solvent was 75% acetic acid. 








amounts of carrier alcohols, the free alcohols were extracted with 
light petroleum ether. The 3,5-dinitrobenzoates prepared from 
the mixture of alcohols were subjected to reverse phase chroma- 
tography. The chromatographic separation was achieved on 
Whatman No. 1 filter paper impregnated with 10% light mineral 
oil, with 75% acetic acid as the developing solvent. The dini- 
trobenzoates of farnesol and geraniol were found to have Rr 
values of 0.24 and 0.56, respectively, in this system. The Rr 
values of the isopentenol and dimethylallyl alcohol dinitroben- 
zoates were found to be the same, namely 0.81 to 0.83. It is 
evident from Fig. 5 that the major portion of the C™ activity in 
the alcohol dinitrobenzoates prepared from the inhibited reac- 
tion mixture is found in the’ component with an Rr of 0.83. A 
small amount of activity also is present in the farnesol derivative 
(Rr = 0.24). These data, together with those in Table II, show 
that the drug blocks the biosynthetic pathway at the C;-alcohol 
pyrophosphate stage. 


DISCUSSION 


8-Diethylaminoethyl diphenylpropylacetate hydrochloride 
markedly inhibits the conversion in vitro of mevalonate-2-C" to 
nonsaponifiable lipid by rat liver homogenates prepared from 
animals receiving a diet supplemented with corn oil. A similar 
effect was obtained with liver homogenates prepared from ani- 
mals maintained on a stock diet. This drug does not, however, 
interfere with the decarboxylation of mevalonate-1-C™. Studies 
of the kinetics of the inhibition have shown that it is of the rarely 
encountered, so-called uncompetitive type, suggesting the for- 
mation of an enzyme-substrate-inhibitor complex which can not 
be metabolized further by the cholesterol-synthesizing enzymes. 

Brodie et al. (14) have pointed out that this drug has little 
direct pharmacological action of its own. Their studies, and 
those of others, suggested that this compound has a predilection 
for inhibiting enzyme systems that are concerned with the me- 
tabolism of foreign compounds. The present findings are of 
considerable interest, therefore, in that they show that the com- 
pound does interfere, at least in vitro, with a very important 
biosynthetic pathway. 

It is not clear whether the hypocholesterolemic effect of the 
drug in vivo can be attributed to its ability to block cholesterol 
biosynthesis at the C;-alcohol stage. The results in vitro do not 
appear to be applicable to those obtained in vivo. Preliminary 
studies? in our laboratory with mice maintained on a lipid-free 


2 W. L. Holmes, and B. Issekutz, Jr., unpublished observations. 


W. L. Holmes and J. D. Bentz 
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diet have shown that pretreatment for 5 days with the drug 
(25 mg per kg, b.i.d.), before the intraperitoneal administration 
of mevalonate-2-C™, did interfere with the incorporation of la- 
beled substrate into digitonide-precipitable material of the liver 
but not into the total nonsaponifiable fraction. An understand- 
ing of the mechanism whereby this compound interferes with 
the synthesis of cholesterol in vivo must await the elucidation 
of the chemical nature of the nondigitonide-precipitable unsa- 
ponifiable material which accumulates in the livers of the treated 
animals. During the experimental period, the serum cholesterol 
levels of the treated animals were reduced to 75% below the 
controls. However, chemical analysis showed that the drug had 
caused an increase in the total cholesterol content of the liver. 
The sensitivity of hepatic cholesterol synthesis to the liver’s cho- 
lesterol content (15) suggests the possibility that the inhibition 
of mevalonate incorporation into cholesterol in vivo is a secondary 
effect of the drug caused by the accumulation of a large amount 
of cholesterol in the liver. 

In contrast, it was shown that the drug markedly inhibited 
the incorporation of mevalonate into both the total nonsaponifi- 
able and digitonide-precipitable fractions of the serum of the 
treated animals. This finding, together with the observed ac- 
cumulation of cholesterol in the livers of the treated animals, 
suggests that the inhibitor might also be interfering with trans- 
port mechanisms. Rice and Greenberg (16) have reported a 
similar effect of the drug on the incorporation of mevalonate 
into nonsaponifiable and digitonide-precipitable fractions of liver 
and serum of rats maintained on a laboratory chow diet. 

The reason for the chronic hepatotoxicity of the drug in rats 
(17) and dogs (2) is not apparent. It is tempting to speculate, 
however, that the inhibition of mevalonate metabolism at an 
early stage may interfere with the function of isoprene-contain- 
ing compounds such as coenzyme Q. Interference with this im- 
portant electron transfer coenzyme might well account for the 
accumulation of lipid material in the livers of the animals. 


SUMMARY 


1. 6-Diethylaminoethyl diphenylpropylacetate hydrochlo- 
ride (SKF 525-A) has been shown to inhibit the conversion, 
by rat liver homogenates, of mevalonate-2-C™ to cholesterol and 
other nonsaponifiable lipids. 

2. Studies of the kinetics of the inhibition have shown it to 
be uncompetitive. 

3. The drug does not interfere with the decarboxylation of 
mevalonate-1-C™. 

4. Evidence has been presented which shows that the drug 
interferes with the conversion of the C;s-aleohol pyrophosphates 
to nonsaponifiable lipid. 
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The compound  (1-(p-(8-diethylaminoethoxy)-pheny]]-1-(p- 
tolyl)-2-(p-chlorophenyl)ethanol), known by its trade name as 
MER-29,! has been shown by Blohm et al. to cause a depression 
in serum and tissue cholesterol and to inhibit cholesterol biosyn- 
thesis in animals (1,2). These authors found that the incorpora- 
tion of 1-C"-acetate into the total nonsaponifiable lipid fraction 
of rat liver and into the total digitonin-precipitable sterol frac- 
tion was not affected by the drug. However, these authors 
found that on purification of this fraction through the dibromide, 
most of the radioactivity proved to be in sterols other than 
cholesterol. 

The present studies were undertaken in an attempt to elucidate 
the mechanism of action of MER-29 on cholesterol biosynthesis. 
The experiments reported here establish desmosterol (24-dehy- 
drocholesterol) as a major sterol component in the serum, in the 
liver, and in other tissues of animals treated with MER-29. A 
colorimetric method for the determination of desmosterol in the 
presence of cholesterol is described and tissue levels in treated 
animals are reported. Finally, some general observations of the 
effects of MER-29 on weight gain and on serum and liver lipid 
levels are presented. Preliminary reports of some of these 
results have appeared elsewhere (3). 


EXPERIMENTAL PROCEDURE 


Male rats of the Sprague-Dawley strain were maintained on a 
synthetic diet (4) to which MER-29 was added in various concen- 
trations. The amount of the drug taken daily was estimated 
from the average daily consumption of the diet. For sterol 
analysis tissues were homogenized in 25 volumes of alcohol-ace- 
tone (1:1 volume for volume). Serum sterols were extracted 
with the same mixture. The digitonin-precipitable, Lieber- 
mann-Burchard-positive sterols were determined by the Sperry 
and Webb method (5). The concentrations of cholesterol and 
of desmosterol in a mixture were determined by the method de- 
scribed in detail below. Chromatographic separation of sterols 
was accomplished by a modification of the procedure of Idler 
and Baumann (6). The p-phenylazobenzoy]l esters of the sterols 
were prepared by treatment with an excess of p-phenylazobenzoy1 
chloride in pyridine solution, subsequent precipitation of the 
product, and washing with a sodium bicarbonate solution and 
water. The esters (usually in the range of 40 to 70 mg) were 
chromatographed on a 40 X 1.8 cm column of silicic acid-Celite 


1 The Wm. S. Merrelf Company, Cincinnati, Ohio. 


(2:1) by elution with a mixture of petroleum ether (b.p. 60-71°) 
and benzene (3:1 volume for volume). After development, the 
column was extruded and the yellow zones were mechanically 
separated and individually extracted. Optical rotations were 
determined in chloroform solutions of approximately 1% concen- 
tration. Infrared spectra were obtained with a Perkin-Elmer 
model 21 double beam spectrophotometer with sodium chloride 
prism and cells. 


RESULTS 


In Table I are shown the changes in body weight and changes 
in apparent serum cholesterol levels? in small groups (3 to 6) of 
rats fed MER-29 at various dose levels. At dose levels of about 
0.5 mg per day and higher there was definite inhibition of growth, 
the effect being more marked in younger rats. (Compare Ex- 
periment 2 with Experiment 3, Table I.) The depression of 
apparent serum cholesterol levels, however, was not attributable 
to the decreased food intake, as shown by Experiment 4, of 
Table I, in which one set of control animals was given only the 
same total amount of food as that consumed by the experimental 
animals. The effectiveness of the drug in lowering the apparent 
serum cholesterol level increased with dosage up to 5 mg per 
day but did not seem to be greater at 10 mg per day. These 
results are in essential agreement with those reported previously 
by Blohm et al. (2). 

Analysis of serum and liver revealed that both the free and 
esterified cholesterol were depressed by the drug (Table IT). 
There was also a reduction of phospholipids in serum but not in 
the liver. Triglycerides were elevated in both serum and liver. 

Sterols isolated from the liver were precipitated with digitonin, 
the digitonides were washed with acetone-ether mixture (1:2 
volume for volume) and ether and cleaved with pyridine. The 
sterols were then extracted with ether and recrystallized from 
methanol. When sterols from the livers of control animals were 
purified in this way, an essentially pure preparation of cholesterol 
was obtained (m.p. 148°, [a]?? —40°). However; when sterol 
from the livers of rats fed MER-29 for 2 weeks (10 mg per day) 
were treated in the same manner, the material isolated had a 
m.p. of 128-132° and [a]? —39°. The melting point did not 


2 The values shown in Tables I and II were obtained by the 
Sperry and Webb procedure. As discussed below, these values, 
because of the presence of 24-dehydrocholesterol, are intermediate 
between the true cholesterol level and the true total sterol level.. 
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TaBLeE I 
Effect of MER-29 on rat weight and on serum total cholesterol 
. Approximate| Average Serum 
E No. of da: 4 oh . ‘ 
“i | ee ees) See | Wee) el 
mg 8 g mg/100 mi 
1 50 0 148 251 71 
0.1 271 61 
2 15 0 143 63 
0.5 22 52 
3 31 0 230 132 66 
2.0 120 48 
5.0 98 22 
4 26 0 184 162 66 
o* 119 58 
3.7 122 24 
5 39 0 56 
10 21 
* Pair fed control. 
TABLE II 


Effect of MER-29 on lipid content of rat serum and liver 

















Serum Liver 
Control = Control MER-29-fedt 
mg/100 ml mg/g 
Ester cholesterol...... 41 16 0.49 0.21 
Free cholesterol. ..... 11 2 1.84 1.19 
Phospholipids. ....... 104 64 32.6 33.4 
Triglycerides. ........ 50 94 7.3 15.9 





* MER-29, 10 mg daily for 21 days. 
+t MER-29, 10 mg daily for 24 days. 


change even after repeated crystallization from methanol. 
When this material was hydrogenated in the presence of plati- 
num, 1.5 moles of hydrogen per mole of sterol (calculated on the 
molecular weight of cholesterol) were taken up. On bromination 
by the method of Schwenk and Werthessen (7), the control 
preparations gave an insoluble dibromide in about 80% yield, 
whereas the sterol obtained from MER-29-treated animals did 
not form any insoluble bromination product at all. When pure 
cholesterol was added to the sterol preparation derived from 
treated rats and the mixture was brominated, the recovery of 
insoluble dibromide was substantially less than that obtained 
from the same amount of pure cholesterol alone. This suggested 
the presence in the sterol fraction of these rats of a material 
preventing the formation or the precipitation of cholesterol 
dibromide. Attempts to separate this material by repeated 
crystallization of the sterols or by chromatography of free sterols 
on silicic acid were unsuccessful. Resolution was ultimately 
accomplished by column chromatography of the p-phenylazo- 
benzoyl! esters with a modification of the method of Idler and 
Baumann (6). With the preparation from livers of rats treated 
with MER-29, two zones of approximately equal size were sepa- 
rated. The material in the faster zone was saponified and iden- 
tified as cholesterol by melting point, optical rotation, and 
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Fic. 1. Infrared spectra of desmosterol (above) and cholesterol 
(below). 
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Fic. 2. Infrared spectra of authentic desmosteryl benzoate 


(above) and of desmosteryl benzoate prepared from the sterol iso- 
lated from rat liver (below). 


infrared spectrum (Fig. 1). The slower moving component 
yielded after saponification a sterol with an infrared spectrum 
differing from that of cholesterol in three respects: the presence 
of a shoulder at 820 cm-', a doubling of the peak at 950 cm, 
and less of a shoulder at 1360 cm— (Fig. 1). This spectrum, 
which was consistently given by several preparations, resembled 
closely that of desmosterol published by Stokes e¢ al. (8). An 
authentic sample of synthetic desmosterol? showed an identical 
infrared spectrum. The melting point of the purified sterol 
(119-120°) was not depressed on admixture with authentic 
desmosterol. Also, the infrared spectra of the benzoate of this 
sterol and that of desmosterol benzoate were identical (Fig. 2). 
The bromination product of this material contained 43.5% bro- 
mine (theoretical value for tetrabromocholesterol, 45.4%). It 
was concluded, therefore, that the major sterol component 
besides cholesterol in the livers of MER-29-fed rats was desmo- 
sterol (24-dehydrocholesterol). 

The chromatographic separation of desmosterol from choles- 


* The authors are grateful to Dr. U. H. M. Fagerlund, who has 
kindly provided samples of desmosterol and its benzoate. 
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TaBLeE III 
Color yields in Liebermann-Burchard reaction 





Relative color yield* 





635 mp (35 min) 420 mp (90 min) 


Cholestera?l. 6202) ook 100 101 
Peamosterons 62.085 61 121 





* Cholesterol color yield at 635 my arbitrarily taken as 100. 











TaBLeE IV 
Analytical recovery of cholesterol and desmosterol in mixtures 
Cholesterol Desmosterol 
Added Found Added Found 
mg mg 

Experiment 1* 0.240 0.242 0.064 0.065 
0.120 0.126 0.159 0.155 

Experiment 2t 0.214 0.223 0.032 0.033 
0.214 0.224 0.064 0.060 











* Cholesterol added in the form of pure sterol. 
+ Cholesterol from control human serum. 


terol was found to be unsuitable for routine quantitative deter- 
minations, both because it is too time-consuming and because it 
requires relatively large samples. Scaling down of the chromato- 
graphic procedure did not yield satisfactory results. A colori- 
metric method for determination of cholesterol and of desmo- 
sterol in mixtures was developed. The method is based on the 
different absorption spectra given by the colored products formed 
by the two sterols in the Liebermann-Burchard reaction (Table 
III). Absorption was measured at 635 my 35 minutes after 
development of the color, and then at 420 my after 90 minutes. 
The precipitation and washing of the digitonides was carried out 
according to the Sperry and Webb method (5). The digitonides 
were cleaved with pyridine at 100° for 10 minutes, the sterols 
were extracted with ether, and the precipitated digitonin was 
centrifuged. It was essential to remove completely the digito- 
nin, which gave a considerable blank at 420 mu. To do this, the 
solvent was evaporated and the residue dissolved again in dry 
ether. After evaporation of the ether, the Liebermann-Bur- 
chard color was developed as in the method of Sperry and Webb. 
The tubes were kept in the dark at 25° and light absorptions at 
the two wave lengths were measured as described above. Stand- 
ards of pure cholesterol and desmosterol were analyzed at the 
beginning and end of each series of determinations. Typical 
analytical recoveries of the two sterols in a mixture are presented 
in Table IV. 

The concentrations of 24-dehydrocholesterol and of cholesterol 
in several tissues of a rat fed MER-29 (0.1% for 3 months) were 
determined by the colorimetric method (Table V). All of the 
tissues, including brain, contained a major sterol fraction that 
behaved like desmosterol. In the case of serum and liver, the 
new sterol revealed by the colorimetric method has been also 
positively identified as desmosterol. In the case of the other 
tissues we have not yet attempted direct isolation, but it seems 
reasonable to attribute the observed shifts in Liebermann-Bur- 
chard color to the presence of this same sterol. 

The control samples show apparent small amounts of desmo- 


Avigan, Steinberg, Vroman, Thompson, and M osettig 
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TABLE V 
Concentration of cholesterol and of desmosterol 
in rat tissues 
Calcu- 
Calculated ary Sum of po ng 

cholesterol | desmo- sterols in total 

sterol sterols 

mg/g mg/g mg/g % 
Control rat 
I ict aus os aha ter 0.65 0.02 0.67 3.1 
eves oo. SP eee 1.59 0.11 1.70 6.7 
Weekes. OO 3.22 0.04 3.26 1.6 
ee Snes Bee ie) ee 3.87 0.17 4.04 4.3 
DN. § si 6i.05500:83 6b 2.18 0.03 2.21 1.3 
ss 5 apo sekcxiast osaiubon Dathers 1.10 0.07 1.17 6.1 
I hoc n cits inchs. «Gaiehin te 4.77 0.20 4.97 4.0 
I oo in at one 14.11 0.31 14.42 2.1 
WE es ec ee 0.52 0.03 0.55 4.8 
MER-29-fed rat 

RNR UTS. th bee Dae 0.06 0.22 0.28 79.1 
pRB Es Dae lls a 0.84 0.92 1.76 §2.3 
A RAE a ae 1.11 1.59 2.70 58.7 
ee 3. inate 1.94 1.55 3.49 44.4 
pe ee eee oe 1.10 0.96 2.06 46.7 
OMA Eee eM og 0.48 0.52 1.00 51.7 
TRER....n.2h cad daic Mssaw 1.61 2.95 4.56 64.7 
| a ee Foe eee 10.94 4.01 14.95 26.8 
Mee ince wea cae as toc 0.31 0.18 0.49 36.4 

















* As discussed in the text, the values shown here may in part 
be due to related sterols other than desmosterol. The small 
amounts of desmosterol calculated to be present in control tis- 
sues may be artifactual due to the limited accuracy of the 
method. 


sterol. These low levels in normal tissues may only reflect the 
limited accuracy of the method or the presence of some other 
sterols related to cholesterol. Attempts to demonstrate desmo- 
sterol in normal human serum by extracting a large volume and 
applying the chromatographic method to the p-phenylazoben- 
zoyl derivatives were unsuccessful. 


DISCUSSION 


The fall in true serum cholesterol level after prolonged treat- 
ment of rats at a high dosage of MER-29 (from 60 mg per 100 
ml down to 6 mg per 100 ml) is striking. 

Whereas there is partial replacement by desmosterol (22 mg 
per 100 ml), the true total sterol level in the serum is definitely 
reduced (Table V). On the other hand, the true total sterol 
levels in the tissues are in most cases reduced only slightly or not 
at all, the drop in cholesterol level being approximately equiv- 
alent to the rise in desmosterol level. Blohm et al. have pre- 
viously reported larger apparent depression of cholesterol levels 
in liver, lung, and skeletal muscle (2). In the light of the present 
findings, their results can probably be in part attributed to re- 
placement of cholesterol by desmosterol, the latter giving a low 
color yield in their analytical procedure. Apparent depressions 
of cholesterol levels reported in some clinical studies (9) must 
likewise be reevaluated in view of the lower color yield given 
by desmosterol.and the fact that desmosterol has been shown to 
accumulate in the serum of MER-29-treated patients (10). 

Desmosterol has been found by Stokes et al. (8) to be a minor 
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component of rat skin sterols. It has been also isolated by 
Fagerlund and Idler (11) from the barnacle. There is no evi- 
dence, however, that this sterol is present under normal condi- 
tions in mammalian tissues other than skin. The analytical 
methods used by us are not accurate enough to determine des- 
mosterol in the presence of a very large excess of cholesterol and 
the results apparently indicating low levels of the former in 
control rat tissues may not be significant. 

Stokes et al. (8) have demonstrated that isotopically labeled 
desmosterol is rapidly converted in vivo into cholesterol and have 
suggested the likelihood that the former represents a natural 
precursor of cholesterol. The accumulation under the influence 
of MER-29 of sizeable proportions of desmosterol in rat tissues 
furnishes additional evidence to this effect. Isotopic studies 
deseribed in the accompanying paper (12) show that desmosterol 
accumulating in the livers of the drug-fed rats bears a precursor 
relationship to cholesterol, confirming that the drug acts by 
inhibiting the reduction of desmosterol. 


SUMMARY 


1. It has been demonstrated that treatment of rats with 
MER-29 (1-[p-(8-diethylaminoethoxy)-pheny]]-1-(p-tolyl)-2-(p- 
chlorophenyl)ethanol) leads to an accumulation of desmosterol 
(24-dehydrocholesterol) in the serum and tissues to the extent 
of 27 to 79% of the total sterols present. The identity of des- 
mosterol was proven by several independent methods. 

2. Desmosterol gives a lower color yield than cholesterol in 
the Liebermann-Burchard reaction, when measured at 635 uM, 
and a colorimetric method based on this observation has been 
developed for determination of desmosterol and cholesterol in 
mixtures of the two. 
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3. MER-29 causes an appreciable reduction in the level of 
rat serum sterols. The effect on tissue stero] concentrations, 
however, is generally very small. 

Note Added in Proof—Since this manuscript was submitted 
W. M. Stokes and W. A. Fish (J. Biol. Chem., 235, 2604 (1960)) 
have reported the isolation of radioactive desmosterol from the 
livers of normal rats after injection of sodium acetate-1-C™. By 
indirect methods they estimate the desmosterol concentration 
to be approximately 0.2 wg per g of liver. 
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Blohm and MacKenzie (1) have shown that under the influ- 
ence of MER-29! the incorporation of 1-C"-acetate into cho- 
lesterol was very much diminished, even though the amount of 
radioactivity appearing in the total nonsaponifiable material 
and in the digitonin-precipitable fraction was comparable to that 
obtained with control rats. This suggested that the inhibitory 
action of MER-29 on cholesterol biosynthesis occurred at a late 
phase, at least beyond the squalene step. In a previous com- 
munication, we have reported the identification of desmosterol 
as a major sterol component in the tissues of rats treated with 
the drug MER-29 (2). Stokes et al. have shown that desmo- 
sterol injected intraportally into rats is converted into cholesterol 
(3) and have also demonstrated that the specific radioactivity 
of desmosterol formed from C"*-acetate in chick embryos is 
much higher than that of cholesterol (4). The action of MER- 
29, leading to an accumulation of desmosterol, appears to sup- 
port the assumption that desmosterol is a physiological inter- 
mediate and that the mechanism of action of the drug is to 
inhibit the reduction of the 24,25 double bond. The studies 
in vivo and in vitro reported here were undertaken in an attempt 
to establish the precursor-product relationship of desmosterol 
and cholesterol by isotope methods. The role of desmosterol 
in the biosynthesis of cholesterol is discussed in the light of re- 
cently published experimental material. 


EXPERIMENTAL PROCEDURE 


Rats fed MER-29 (10 mg daily) were injected with 1-C"- 
acetate intraperitoneally and killed 4 hours later. Liver lipids 
were extracted and the sterols were isolated and fractionated by 
chromatography of their p-phenylazobenzoyl derivatives as de- 
scribed previously (2). The isolated cholesterol and desmo- 
sterol were weighed, and radioactivities were determined in a 
Packard Tri-carb liquid scintillation spectrometer. 

A human subject (69-year-old man with essential hypercho- 
lesterolemia) received MER-29 (100 mg per day) for 15 days 
and was then given 3.4 uc of 2-C'*-mevalonic acid intravenously 
while fasting. Serum samples were drawn at several time in- 
tervals and the free sterols were extracted and precipitated as 
digitonides. Cholesterol and desmosterol were isolated by chro- 
matography and the specific radioactivities were determined. 

C-labeled desmosterol was prepared by injection of 100 uc 
of 1-C'-acetate into each of five MER-29-fed rats. The ani- 


1 1-[p-(8-diethylaminoethoxy) -phenyl]-1-(p-tolyl)-2- (p-chloro- 
phenyl)ethanol. This compound was generously supplied by the 
Wm. S. Merrell Co., Cincinnati, Ohio. 


mals were killed 4 hours later, and the liver desmosterol was 
isolated and purified chromatographically. The final product 
was recrystallized from methanol. It showed the same infrared 
spectrum and melting point as pure unlabeled desmosterol. For 
the experiments in vitro, rat livers were homogenized in a Potter- 
Elvehjem homogenizer in Bucher’s medium (5), The homogen- 
ate was spun for 10 minutes at 600 x g to remove unbroken 
cells, and the supernatant fraction was incubated with labeled 
desmosterol as described below. At the end of the incubation 
the lipids were extracted and 40 mg of carrier cholesterol were 
added. The extract was saponified and the sterols were iso- 
lated and chromatographed (2). In order to avoid any contami- 
nation of the faster running cholesterol derivative with the 
derivative of unreacted substrate desmosterol, only the lower 
two-thirds of the cholesterol ester zone were taken. The choles- 
terol ester was extracted with benzene and saponified. The 
sterol was subsequently extracted into heptane, washed with 
water, weighed, and its radioactivity measured. From the above, 
the total amount of cholesterol formed was calculated. 


RESULTS 


The specific radioactivities of cholesterol and desmosterol 
isolated from livers of two MER-29-treated rats 4 hours after 
intraperitoneal injection of 1-C'*-acetate are presented in Table 
I. The specific radioactivity of the desmosterol was considera- 
bly higher than that of cholesterol, a finding compatible 
with a precursor-product relationship. The latter was also 
indicated by studies of radioactivities in a patient receiving 
MER-29. In this case, the serum sterols contained about 20% 
desmosterol. As shown in Table II, the latter was consider- 
ably more radioactive than cholesterol, particularly at the 1-hour 
period. 

The function of desmosterol as a metabolic precursor of cho- 
lesterol was tested in vivo by injection of 1 mg of a Tween 20 
suspension of C-labeled desmosterol into the portal vein of a 
control rat. One hour later the animal was killed; and its liver 
was processed as usual for isolation of the two sterols. Carrier 
desmosterol was added to the control animal preparation. As 
in the experiments of Stokes et al. (3) it was found that in the 
control rat a large fraction (51.5%) of the sterol radioactivity 
recovered from the liver was in the form of cholesterol. How- 
ever, when a MER-29-fed rat was treated in the same way, 
only 1.9% of total radioactivity was in the cholesterol fraction. 

The conversion of desmosterol to cholesterol and the effect 
of MER-29 thereon was also studied in liver homogenates in 
vitro (Table III). Of 50 wg of desmosterol added, 29 ug were 
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TaBLeE [ 
Incorporation of 1-C'*-acetate into rat liver sterols* 














Specific radioactivity ke 
Rat No A : 
: S. A. cholesterol 
Cholesterol | Desmosterol 
c.p.m./mg 
1 26.8 1179 44 
2 53.2 3178 60 














* Rats killed 4 hours after intraperitoneal injection of 100 uc 
of labeled acetate. 
t Specific radioactivity (¢.p.m./mg). 


TABLE II 


Incorporation of mevalonic acid-2-C™ into serum sterols 
of human subject* 














Specific radioactivity S.Atd ay £2 
Time after injection 5. a ay 
Cholesterol Desmosterol Cat 
hrs c.p.m./mg 
1 2.9 155 53 
4 8.4 114 14 
12 6.1 109 18 
24 4.0 76 19 











* Receiving MER-29, 100 mg per day; 3.4 uc of mevalonic acid- 
2-C™ given intravenously at zero time. 
t Specific radioactivity (c.p.m./mg). 


TaBLeE III 


Conversion of labeled desmosterol into cholesterol 
in liver homogenates* 











Radioactivity Cholesterol 
in cholesterol formed 
c.p.m. us 
Control, time zero.................. 6 
Control homogenate................ 464 29 
MER-29 homogenatef............... 15 0.9 
Control homogenate................ 412 29 
Control homogenate + MER-29f.... 224 16 








* Incubation under O:2 for 3 hours at 37°. Samples contained 
5 ml of homogenate and a suspension of 50 ug of C'*-desmosterol 
(800 c.p.m.) with 5 ul of Tween 20. 

{¢ Homogenate prepared from a liver of a rat fed with MER-29 
(10 mg daily for 2 months). 

t MER-29, 50 ug, dispersed with 5 ul of Tween 20. 


converted to cholesterol in 3 hours by homogenate of normal 
rat liver. On the other hand, less than 1 ug was converted to 
cholesterol by the homogenate prepared from the liver of the 
drug-treated rat. When MER-29 was added to a control ho- 
mogenate the conversion of desmosterol to cholesterol was in- 
hibited by 44%. 


DISCUSSION 


After injection of labeled acetate into drug-fed rats, the spe- 
cific radioactivity of the liver desmosterol was considerably 
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higher than that of the liver cholesterol. A similar relation 
was demonstrated for the specific radioactivities of the two 
sterols in the serum of a patient treated with MER-29 after 
injection of 2-C'*-mevalonic acid. These isotopic studies rule 
out the possibility that desmosterol represents a product of 
further metabolism of cholesterol. The precursor role of des- 
mosterol was directly demonstrated in rats both in vitro and in 
vivo, confirming and extending the results of Stokes et al. (3, 4). 
It was further shown that MER-29, either fed to the whole 
animal or added directly to a liver homogenate, blocks this 
conversion of desmosterol to cholesterol. It is concluded that 
the major site of action of MER-29 is at the last step in choles- 
terol biosynthesis, the reduction of desmosterol. This conclu- 
sion is strongly supported not only by the present isotopic 
studies but also by the fact that treatment with the drug causes 
marked accumulation of the precursor compound (2). 

The present study indicates that desmosterol is a major inter- 
mediate in the pathway of cholesterol biosynthesis, at least in 
MER-29-treated animals and men. Bloch et al. have shown 
that lanosterol is the first compound formed after cyclization of 
squalene (6). They have also shown that 14-desmethyl lanos- 
terol (7) and zymosterol (8) can be biologically converted to 
cholesterol. Desmosterol would thus represent a logical inter- 
mediate on a pathway containing exclusively compounds with 
a 24,25 double bond in the side chain (see Fig. 1). None of 
these studies, however, prove that desmosterol is actually a 
major intermediate under physiological conditions. 

On the other hand evidence has been accumulating that a 
number of sterols with a saturated side chain may have a role 
in cholesterol biosynthesis. Biggs et al. (9) have shown that 
A’-cholestenol is rapidly converted to cholesterol. Neiderhiser 
and Wells (10) and Wells and Lorah (11) have identified 4-a- 
methyl-A’-cholestenol (methostenol) in rat tissues and demon- 
strated its conversion to cholesterol by isotopic methods. Simi- 
lar conversion of methostenol in a system in vitro has been re- 
ported by Frantz et al. (12). Recently, Kandutsch and Russel 
(13) have isolated 24,25-dihydrolanosterol, 4-a-methyl-A*-cho- 
lestenol, A’-cholestenol, and 7-dehydrocholesterol from a mouse 
tumor and observed labeling of these sterols by C'*-acetate. 

It is difficult to reconcile all of these findings with any single 
pathway of cholesterol biosynthesis. However, all of the find- 
ings can be rationalized if we visualize the pathway in the man- 
ner shown in Fig. 1. There may indeed be two categories of 
intermediates, one with a 24 double bond in the side chain and 
the other with a saturated side chain. Our results with MER- 
29 show that it inhibits reduction of the 24 double bond in des- 
mosterol. It is entirely possible that the drug also inhibits re- 
duction of this double bond in compounds with different nuclear 
structures. Thus, the effect of the drug would be to limit the 
available pathway to that shown across the top of the figure 
with accumulation of desmosterol as the major end product. 
On the other hand, in the absence of the drug the reductive step 
might occur at any or several of the indicated points, in effect 
shifting down from what might be called the ‘“‘A*™ series” to the 
“saturated side chain’ series. This hypothesis involves the 
postulate that the chemical modifications of the nucleus can be 
effected equally well whether the side chain double bond has 
been reduced or not and that the drug inhibits the reduction at 
several steps. At what point the side-chain reduction occurs 
normally will only be determined by further studies. 
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Fic. 1. Postulated alternative pathways for cholesterol biosynthesis (see Discussion) 


SUMMARY 


The role of desmosterol as a precursor in cholesterol biosyn- 
thesis has been demonstrated in the rat and in man treated with 
the drug MER-29. The conclusion is based on: (a) higher spe- 
cific radioactivity of desmosterol than that of cholesterol when 
the two are isolated, either from a liver of MER-29-fed rat 
given 1-C'-acetate, or from a serum of a MER-29-treated man 
given 2-C'-mevalonate; (b) conversion in vivo in the rat of la- 
beled desmosterol into cholesterol; and (c) conversion in vitro 
by rat liver homogenate. MER-29 appears to inhibit the re- 
duction of 24,25 double bond of cholesterol. The possibility is 
discussed that desmosterol may not be an intermediate in cho- 
lesterol biosynthesis in the absence of the inhibitor. 

Note Added in Proof—Since this manuscript was submitted 
W. M. Stokes and W. A. Fish (J. Biol Chem., 235, 2604 (1960)) 
have reported the isolation of radioactive desmosterol from the 
livers of normal rats after injection of sodium acetate-1- 
C4, showing that all of the nuclear transformations can, under 
physiological conditions, occur prior to reduction of the side 
chain. 
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Phosphoglucose isomerase catalyzes the interconversion of 
glucose-6-P and fructose-6-P. In addition to its metabolic sig- 
nificance, phosphoglucose isomerase is of interest because its 
mode of action may involve a simple protein-carbohydrate inter- 
action. However, in order to study this mechanism a pure en- 
zyme is required. Several attempts have been made to purify 
phosphoglucose isomerase from animal sources (1, 2) and from a 
microbial source (3), but only recently has it been isolated from 
yeast (4) and from a mammalian source.* This paper reports 
more fully on the isolation of phosphoglucose isomerase from 
bovine mammary gland and compares the properties of the 
mammalian and yeast enzymes. _ 


EXPERIMENTAL PROCEDURE 


Materials—Glucose-6-P (Na2-3H.O) was obtained from Sigma 
Chemical Company; DEAE-cellulose (type 40) from Brown 
Company; crystalline bovine serum albumin from Pentex, Inc.; 
CMC! from California Corporation for Biochemical Research; 
Celite from Johns-Manville. Hydroxylapatite was prepared by 
the method of Tiselius et al. (5). Reagent grade chemicals were 
employed except for technical grade ammonium sulfate used in 
protein precipitations. 

Assay Procedures—Phosphoglucose isomerase activity was 
equated to the initial rate of fructose-6-P formation under the 
following conditions: 16.5 umoles of glucose-6-P, 200 uwmoles of 
Tris adjusted to pH 7.3 with acetic acid, and the enzyme were 
incubated at 37° in a total volume of 2.6 ml. The activity of 
the purified enzyme was stabilized with 0.1% serum albumin in 
the assay mixture. Fructose-6-P was determined by the Roe 
method (6) in 0.5-ml aliquots taken at 0, 5, and 10 minutes. 
These samples did not require deproteinization. A unit of phos- 
phoglucose isomerase activity was defined as 1.0 umole of fruc- 
tose-6-P formed per minute. Specific activity was defined as 
activity per milligram of protein. 

Protein was determined by the method of Lowry et al. (7) 
calibrated with crystalline bovine serum albumin, although it 
was recognized that the calibration factor could not be applied 
to all proteins. 


* A preliminary report of this work was presented at the Pa- 
cific Slope Biochemical Conference at Los Angeles, California, 
December, 1958. 

This work is part of a thesis submitted by Annette Baich in 
partial fulfillment of the requirements for the Doctor of Philoso- 
phy degree, University of Oregon, 1960. It was supported in part 
by research grant C-3968 from the National Cancer Institute of 
the National Institutes of Health, United States Public Health 
Service. 

1 The abbreviation used is: CMC, carboxymethy] cellulose. 
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According to the data of Perlmann and Longsworth (8) and 
others cited by Doty and Geiduschek (9), the refractive indices 
of proteins are equal on a weight basis to within 1%. Following 
the suggestion of Adair and Robinson (10) the absolute concen- 
tration of protein can be determined from the refractive index. 
This value can be determined accurately by integrating the 
Schlieren pattern obtained by ultracentrifugation as demon- 
strated by Cecil and Ogston (11). A Spinco model E ultracen- 
trifuge equipped with a synthetic boundary cell was employed to 
obtain the Schlieren pattern. The following equation, cali- 
brated with bovine serum albumin, was used to calculate protein 
concentration: 

Protein (mg/ml) = k X area under Schlieren pattern where k 
varies with bar angle and enlargement. 


RESULTS AND DISCUSSION 


Bovine lactating mammary gland was chosen as the starting 
material for isolation of phosphoglucose isomerase because it was 
a reliable and easily obtainable source of the enzyme. No pre- 
cautions were necessary to preserve the activity in these glands, 
since full activity was recovered after at least several days at 4° 
and after several months at —10°. Extracts of the lactating 
gland were 4 times as active as the nonlactating gland. 

Two properties of phosphoglucose isomerase were exploited for 
its isolation. Its solubility, consonant with a low molecular 
weight, permitted a selective extraction of the enzyme from tissue 
slices and from ammonium sulfate-precipitated protein. A rela- 
tively high isoelectric point permitted the effective use of chro- 
matography and electrophoresis. 

Extraction—The frozen gland, previously trimmed of fat, was 
cut into 2-mm slices with a commercial meat slicer and suspended 
in a volume of water roughly equal to one-half the weight of the 
gland. After 30 minutes at 0°, the slices were filtered through 
cheesecloth, washed by resuspending in one-half volume of water, 
and refiltered. Particles of tissue and fat were removed from 
the combined extract and washings by centrifugation at 820 x 
g for 30 minutes. This procedure extracted all of the activity 
from the gland, but only one-fifth of the soluble protein. 

Ammonium Sulfate Fractionation—Phosphoglucose isomerase 
was precipitated from the clarified extract at 2.8 mM ammonium 
sulfate (pH 5.2). This adjustment was most conveniently made 
by adding 430 g of ammonium sulfate per liter of extract. After 
filtering, the precipitate was suspended in 1.84 M ammonium 
sulfate (pH 7.3) in a volume equal to one-half the weight of the 
original gland. After continuous stirring for 30 minutes, the 
suspension was filtered. The protein in this filtrate was concen- 
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trated by precipitation at 3.4 M ammonium sulfate (205 g per 
liter of 1.84 M extract) and then dissolved in a minimal volume 
of 0.001 m Tris-acetate buffer (pH 7.3). This solution was 
dialyzed free from ammonium sulfate against several changes of 
buffer. These and subsequent operations were carried out at 4°. 

About one-half of the phosphoglucose isomerase activity was 
recovered after ammonium sulfate treatment. Since no addi- 
tional activity could be found in the discarded fractions, and 
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Fic. 1. Elution pattern of phosphoglucose isomerase separated 
electrophoretically on starch column (pH 7.75) at 40 ma for 31 
hours. Each fraction contained 1.4 ml. The arrow indicates di- 
rection of travel of the proteins toward the anode. The enzyme 
activity paralleled the absorbancy at 280 muy. 
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WAVELENGTH MILLIMICRONS 
Fic. 2. Absorption spectrum of phosphoglucose isomerase. 
1.04 mg of protein per milliliter; 1 em light path. 
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Fia. 3. Electrophoretic pattern of phosphoglucose isomerase in 
0.1 m Tris-acetate (pH 7.3). The descending boundary is shown 
30 minutes after the start of electrophoresis, and the protein has 
traveled 0.4cm. A cell with an internal diameter of 0.3 cm* was 
used, and a current of 5 ma applied. The potential gradient was 
29 volts per centimeter. 





Fic. 4. Ultracentrifugal patterns of a phosphoglucose isomerase 
preparation in 0.1 m Tris-acetate (pH 7.3). Time in minutes: 
upper left, 64; upper right, 32; lower left, 128; and lower right, 96. 
Bar angles: upper left and upper right, 65°; lower left and lower 
right, 40°. 


there was no enhancement of the activity by combining fractions, 
inactivation of the enzyme must have occurred. Subsequent 
experiments with 90% pure phosphoglucose isomerase indicated 
complete stability to 2.4 M ammonium sulfate (pH 5.2) for sev- 
eral weeks at 4°. Thus, the apparent instability of phosphoglu- 
cose isomerase was not inherent in the recovered protein, but 
may have been due to the presence in the crude extract of some 
inactivating factor, a second, less stable form of the enzyme, or 
some other ketose-forming reaction which affected the assay. 
Ammonium sulfate treatment was retained, however, because it 
separated phosphoglucose isomerase activity from a large amount 
of inert protein. 








3132 


TaBLeE I 


Recovery of activity and protein during purification 
of phosphoglucose isomerase 








Treatment Protein —— | Specific activity 
mg | units/mg protein 
Selective extraction*...... 83 ,500 98 , 500 1.197 
Ammonium sulfate frac- | 
etalon. 25 2000555.6::. | 10,400 50,000 4.82 
DEAE chromatographytf. | 1,220 18,200 14.8 
Hydroxylapatite chroma- | 
ETC Te EE | 15,100 134 
CMC chromatography. ... .| 21.4 15,100 705 
Zone electrophoresis. ..... .| 12.0 14,000 1,160 











* About 9 kg of tissue were used for a single preparation. 
volume of the extract was 10 to 12 liters. 

+ The specific activity with respect to whole tissue was 0.024, 
and 0.24 with respect to the total extractable protein. 

t The recovery of activity in this particular treatment was 
abnormally low. The usual recovery was 72% (on the basis of 
12 other preparations). 


TABLE II 


Comparison of yeast and mammary gland 
phosphoglucose isomerase 





Mammary gland Yeast 
phosphoglucose phosphoglucose 
isomerase isomerase (4) 
| 
Molecular weight* 48 ,000 | 145,000 
Molecular extinction coeffi- | 4.0 x 10° | 1.67 X 10° 
cient? (280 mp) 
Km (glucose-6-P) 5.7 X 10-* M | 7.0 X 10"! m 
Turnover number{ (moles/ | 35,200 (37°) 
minute/mole enzyme) 15,300 (25°) 36,000 (25°) 
pH optimum 7.8 to 8.0 | 7.8 to 8.0 
Energy of activation (10-50°, | 12,600 cal 
pH 7.3) 
a! 1 





* Molecular weight was determined by the Archibald method 
(14), assuming a partial molar volume of 0.734 and a density of 
1.02 for the protein solution. 

+ The molecular extinction coefficient was calculated from the 
absorbancy of a 0.1% solution assuming the validity of Beer’s 
Law. 

¢ K, and turnover number were determined with the use of 
5.25 X 10-5 mg of phosphoglucose isomerase and 200 umoles of 
Tris-acetate buffer (pH 7.3) in a volume of 2.55 ml at 37°. Turn- 
over number at 25° was calculated from the Arrhenius equation 
with the use of the energy of activation reported above. 


DEAE Chromatography—The material purified by ammonium 
sulfate fractionation was passed through a 6.3 X 12 cm column 
composed of 3 parts DEAE and 1 part Celite previously equili- 
brated with 0.001 m Tris-acetate buffer (pH 7.3). Phosphoglu- 
cose isomerase passed through the column but much inert pro- 
tein was adsorbed. 

Hydroxylapatite Chromatography—The DEAE filtrate was 
chromatographed on a 4.2 X 26 cm column of hydroxylapatite 
which had been equilibrated with 0.001 m Tris-acetate buffer 
(pH 7.3). The column was developed successively with liter 
volumes of 0.02, 0.03, 0.04, and 0.05 m sodium phosphate buffer 
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(pH 7.3). Phosphoglucose isomerase activity was eluted with 
0.04 m buffer with a 9-fold increase in specific activity. Electro- 
phoretic analysis of this preparation indicated the presence of 
two contaminating proteins. 

CMC Chromatography—The phosphoglucose isomerase frac- 
tion from the hydroxylapatite column dialyzed free from inor- 
ganic phosphate against 0.001 m Tris-acetate buffer (pH 7.3) was 
chromatographed on a 4.2 XK 26 em column of CMC. The 
activity was eluted with 0.06 m Tris-acetate buffer (pH 7.3), 
The major contaminant was removed by this treatment, but the 
minor contaminant persisted and could not be separated from 
phosphoglucose isomerase by CMC chromatography with the use 
of concentration gradients or pH gradients or both (12). 

Zone Electrophoresis—The phosphoglucose isomerase fraction 
from CMC chromatography was dialyzed against 0.001 m Tris- 
acetate buffer (pH 7.3) and lyophilized. The enzyme was re- 
dissolved in a minimal amount of buffer and applied to a 3.5 x 
24 cm starch column equilibrated with 0.05 m Tris-acetate 
buffer (pH 7.75). Electrophoresis was conducted at a current of 
15 ma for 31 hours according to the method of Flodin and Porath 
(13). To minimize electroosmotic flow, an opposing hydrostatic 
pressure of 10 cm was applied. 

Phosphoglucose isomerase was separated from the minor con- 
taminant by zone electrophoresis (Fig. 1), and it had the absorp- 
tion spectrum of a simple protein (Fig. 2). The enzyme migrated 
as a single boundary during moving boundary electrophoresis 
(Fig. 3) and ultracentrifugation (Fig. 4). The phosphoglucose 
isomerase preparation was assayed for phosphoglucomutase, glu- 
cose-6-P dehydrogenase, and acid and alkaline hexose phospha- 
tase activity, but none of these was found (i.e. less than 0.01%). 

Phosphoglucose isomerase composed only 0.002% of the whole 
lactating mammary gland and 0.02% of the soluble protein. 
However, the isolation procedure is both rapid and effective, and 
within a two-week period, 10 mg of pure enzyme can be obtained 
in better than 15% yield. 

A summary of the isolation procedure is presented in Table I 
and the comparison of the yeast and mammary gland enzymes 
is shown in Table IT. 


SUMMARY 


With the use of chromatography and electrophoresis, phospho- 
glucose isomerase was isolated from protein extracted from bovine 
lactating mammary gland. A 5000-fold purification was achieved. 
The protein migrated as a single boundary during electrophoretic 
and ultracentrifugal analysis and was devoid of competing en- 
zymes. The properties of yeast and mammalian phosphoglucose 
isomerase were compared. 
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Creatinekinase has been isolated, in good yields, from rabbit 
skeletal muscle (1). The enzyme has been crystallized, success- 
fully submitted to various criteria of homogeneity, and its proper- 
ties extensively studied (2-4). Before sequence studies on this 
protein were attempted, it appeared desirable to gain information 
regarding the behavior of the protein at different pH values as 
evaluated by ultraviolet absorption, viscosity, and sedimentation 
determinations. 


EXPERIMENTAL PROCEDURE 


Creatinekinase prepared by procedure B of Kuby et al. (1), 
crystallized once and lyophilized, showed a single Gaussian curve 
on ultracentrifugation. Protein concentrations were determined 
spectrophotometrically after the Eno: (280 mu, pH 7.0, phosphate 
buffer) of the enzyme was found to be identical with that reported 
by Noda et al. (2), that is, 7.3 x 10* when spectral absorption 
and Kjeldahl nitrogen data were correlated. pH was measured 
on a Beckman model G pH meter with an apparatus described 
by Tanford et al. (5). Ultraviolet light absorption was deter- 
mined on a Beckman model DU spectrophotometer with 1-cm 
quartz cells with 0.9-cm inserts. Four thermospacers in the in- 
strument maintained the appropriate temperature. Solutions 
for ultraviolet measurement contained 0.25 to 0.50% of the en- 
zyme. First, the pH was adjusted by addition of standard 
KOH or HCl, and then KCl solution was added to attain the 
desired ionic strength. Viscosity data were obtained at 25.0° in 
an Ostwald viscometer with a flow time of approximately 76 
seconds for water. In the sedimentation experiments, a Spinco 
model E ultracentrifuge with a 12-mm 4° sector cell was used. 
Viscosity and sedimentation experiments were performed in 
citrate, phosphate, borate, and piperidine buffers, respectively, 
with a I’ /2 of 0.1. 


RESULTS AND DISCUSSION 


The ultraviolet absorption spectrum of creatinekinase is not 
very sensitive to pH changes over the range 4 to 10 (data not 
shown here). At pH 12.7 (Fig. 1), however, the spectrum ex- 
hibits the typical bathochromic shift due to ionization of the 
phenolic groups of the tyrosyl residues thus exposing two maxima, 
one for tryptophan at 284 my, the other for tysosine at 290 my 
(instead of the one maximum of 280 my at a pH below 10). A 
line drawn tangentially to these two characteristic peaks yields a 


* Supported in part by an American Medical Association grant 
to W. A. D. and a National Science Foundation grant #G-5675 to 
F. F. 

t The full details of this work appear in a thesis submitted by 
William A. DaCosta to the Graduate School, Georgetown Univer- 
sity, Washington, D. C., in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 


slope which, divided by the maximal absorbancy, gives an § 
value of 3.0 and a corresponding molar tyrosine-tryptophan ratio 
of 1.7 (6). 

An ionization curve (Fig. 2), obtained by plotting molar ex- 
tinction at 290 my versus pH, shows a molar extinction value of 
49,690 before ionization of the phenolic hydroxyl groups (i.e. up 
to pH 8.8) and a final extinction of 83,160 for almost complete 
ionization at pH 12.7. The difference between these two values, 
33,470 divided by 2,000 (the difference in the molar extinction 
of tyrosine before and after ionization of the phenolic groups) (7) 
yields a value of 17 tyrosine residues and (with use of the above 
mentioned ratio of 1.7) 10 tryptophan residues in 1 protein 
molecule. 

Both cystine and tryptophan absorb light at 290 my. For 
cystine, however, this effect would be a fraction of 1% of the total 
change, since the molar extinction at this wave length of the 
amino acid is 30 in acid and 60 in alkaline solution (8) and the 
total moles of cystine per mole of enyzme are small (9). Al- 
though the contribution from tryptophan could conceivably in- 
troduce a serious error, since its extinction changes from 3410 to 
4100 when the pH is altered (7), Tanford and Roberts (10) be- 
lieve that this change is due largely to the dissociation of hydro- 
gen ions from the amino groups of tryptophan molecules and 
that it may be discounted in the intact protein. The value of 
17 tyrosine residues calculated above from the change in total 
extinction is in agreement with the number arrived at by chemical 
analysis (9). Hence, it might be assumed that the increase in 
absorption at 290 my is due mainly to the ionization of the phe- 
nolic hydroxyl groups. It should also be mentioned that the ab- 
sorbance of the creatinekinase solution remains unaltered with 
time over the entire pH range. And whereas the ionization curve 
for phenolic groups is reversible (Fig. 2), there are indications of 
an irreversible alteration of the protein structure at high pH; if 
the protein is first taken to pH 11.6, it will precipitate when the 
pH of the solution is lowered to 7.23. Without prior exposure to 
this alkaline pH the solutions show only slight turbidity at ap- 
proximately pH 6.1, (that is, the isoelectric point). 

The average value for the heat of ionization obtained by means 
of the relation, 





AH = 2303 R | a 


iA z constant, 


is 11.7 kcal per mole (Table I). Whereas this figure is close to 
that for bovine serum albumin, it is about twice that for tyrosine 
or pepsin. In the case of bovine serum albumin, it has been sug- 
gested (10) that the phenolic OH group may be hydrogen-bonded 
but that these hydrogen bonds are not involved in maintaining 
the native structure of the molecule, for the ionization proceeds 
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Fig. 1. Ultraviolet absorption spectra of 0.25% creatinekinase. 


Lower thin line, pH 9.0; upper thin line, pH 10.0; and heavy line, 
pH 12.7. 
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Fig. 2. Ionization curve for tyrosyl units in creatinekinase at 
25°, T/2 = 0.15. Forward titration: starting at pH 6.75, that is 


the isoionic point determined by us according to the method of 


Dintzis (14), @——@. Reverse titration: starting at pH 12.7, 
K——X. 











TABLE I 
Heat of ionization of creatinekinase 
pH 
AH, kcal/mole 
15° 25° 

10.01 9.71 11.8 

11.06 10.77 11.4 

11.97 11.70 10.6 

12.23 11.90 13.0 
Average 11.7 
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Fig. 3. Ultraviolet absorption spectrum of creatinekinase in 
0.1 M acetate buffer, pH 5.3, before and after treatment with 8.0 


M urea at 37°, for 24 hours. Cuvettes of 1 cm without inserts were 
used. 
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Fie. 4. Ultraviolet absorption spectrum of creatinekinase in 
0.1 m piperidine buffer pH 10.0 before and after treatment with 


8.0 m urea at 37° for 24 hours. Cuvettes of 1 cm without inserts 
were used. 
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instantaneously and reversibly. A similar assumption might 
hold here. If such bonding exists in creatinekinase, it might be 
disrupted as the result of treatment of the protein with urea, 
thus decreasing the contribution of the quinoid form and shifting 
the spectrum to a lower wave length. In Figs. 3 and 4 are given 
the ultraviolet absorption curves of 0.05% creatinekinase in 0.1 
m acetate buffer, pH 5.3, and 0.1 m piperidine buffer, pH 10.0, 
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Fig. 5. Sedimentation constants of 0.55% creatinekinase as a 
function of pH. Values are corrected to 20° and water, but not 
extrapolated to zero concentrations. 
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Relative viscosity (Fig. 6) exhibits a similar plateau between 
pH 6.0 and 9.5. On the acid side the increase in relative vis- 
cosity with decreasing pH occurs in two stages. There is a sharp 
increase between pH 6.0 and 4.2, from the value of 1.02, charac- 
teristic of the compact protein in the neutral pH region, to about 
1.06. Little further change then occurs until pH 3.4, where the 
major portion of the increase in relative viscosity begins. This 
behavior is reminiscent of that of bovine serum albumin in acid 
solution (13). The fall in sedimentation rate is accompanied, at 
both the acid and the alkaline side, by an increase in intrinsic 
viscosity. If the molecular weight remains unchanged, it may 
be concluded that the changes in hydrodynamic properties of the 
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Fia. 6. Relative viscosities of creatinekinase as a function of pH. 
«, 0.45% protein without urea. Density of control urea solution (pH 7.0), 1.1219. Density of urea solution containing 0.45 





urea; « 
protein, 1.1342. 


respectively, before and after treatment with 8.0 m urea at 37° 
for 24 hours. On exposure to urea, a small hypsochromic effect 
occurs so that the maximum at 280 my is shifted to 277 mu. 

The sedimentation constant (Fig. 5) is independent of pH over 
the range 5.4 to approximately 9.8, but at lower and higher pH 
values it decreases from about 5.6 82, to approximately 3 820, ». 
At pH 3.4, however, 8, » is 9.6 (not included in the graph), prob- 
ably due to aggregate formation. In these experiments per- 
formed at pH 3.4, a gel was found adhering to the bottom of the 
centrifuge cell at the end of the run, suggesting that gelation of 
the enzyme can occur in acid solution at sufficiently high protein 
concentration. A similar phenomenon was observed in experi- 
ments on conalbumin (12). 


1 Creatinekinase was found by us to be resistant to the action 
of mushroom tyrosinase and it remained resistant even after 
treatment with 8 m urea, thus indicating that the cause of unreac- 
tivity appears to reside in the primary structure rather than the 
secondary or the tertiary structure. A similar observation has 
been made recently with regard to lysozyme (11). The enzymatic 
activity of the creatinekinase itself is completely destroyed by 
exposure to urea (1 to 8 m). Hence, reactivity of tyrosine resi- 
dues in a protein towards tyrosinase appears to have no relation 
to the spectrometric studies on alkaline ionization. 
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protein with pH are a reflection of an increase in either molecular 
asymmetry or volume or both. 

For the viscosity experiments in urea solution, the small change 
in density between the control urea solution and that containing 
the protein has been neglected, and the data are expressed in 
terms of ratio of efflux times as equivalent to relative viscosity. 
In Fig. 7 it is seen that the gradual increase in relative viscosity 
of the protein begins in 1 to 2 m urea solution and is maximal 
when 8 Mm strength is reached. When the curve for relative vis- 
cosity of the protein in urea solution versus pH is compared to 
that for the protein solution without the urea (Fig. 6), it appears 
displaced to higher viscosity values and the two-stage phenom- 
enon on the acidic side is absent. The fact that the viscosity 
increment due to acid or base and that due to urea are additive 
suggests that unfolding by urea and by pH occur on independent 
parts of the molecule. 

The change in configuration of the protein molecule approxi- 
mately below pH 6.0 and above 9.5, indicated by the data given 
here, is in agreement with the observation that the enzymatic 
activity of creatinekinase is destroyed when the enzyme is ex- 
posed to a pH value outside these two limits (3). 
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Fic. 7. Ratio of efflux time for 0.45% creatinekinase as a function of urea concentration. Upper curve, pH 9.0. Lower curve, pH 7.0 
The difference between these two curves, however, is within experimental error. 


SUMMARY 


Sedimentation in the ultracentrifuge, viscosity, and ultraviolet 
absorption spectra of creatinekinase have been examined at vari- 
ous pH values. In all these properties, changes occur at a pH 
approximately below 6 and also above 9.5, t.e. the sedimentation 
constant falls, viscosity rises, and the ultraviolet absorption maxi- 
mum on the alkaline side is shifted. From the absorption spec- 
trum and ionization curve, the presence of 17 tyrosine and 10 
tryptophan residues per mole of protein is deduced and a heat of 
ionization for the phenolic groups of 11.7 kcal per mole is ob- 
tained. 
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As reported in the first paper of this series (1), supporting 
the original observation of Keilin and Hartree (2), cytochrome 
oxidase consists of two components, one insensitive and the other 
sensitive to carbon monoxide, cyanide, and oxygen: cytochromes 
a and a3, respectively. The former contributes 50% of the y 
peak at 445 my and about 75% of the a peak at 605 my, and 
the latter is responsible for the remainder of the absorption at 
these two maxima. 

In addition to this static measurement of the difference spec- 
tra of a purified preparation of cytochrome oxidase, important 
dynamic evidence that cytochrome oxidase consists of more than 
one component was previously reported by Chance (3, 4) and 
Smith (5). Chance (3) first observed that, for a succinic oxi- 
dase preparation in an aerobic steady state, the percentage re- 
duction of the components absorbing at 445 and 605 my is 
<14 and 26, respectively. Using the rapid flow method, he 
demonstrated that the absorption of reduced cytochrome oxi- 
dase at 445 my decreases more rapidly on mixing with oxygen 
than the absorption at 605 my (4). Smith (5) also observed 
that with a purified preparation of cytochrome oxidase, the peak 
at 445 my indicates a less reduced state during aerobic steady 
states than that at 605 mu. 

In the succinic or reduced diphosphopyride nucleotide oxidase 
system of mitochondria and heart muscle preparations, cyto- 
chrome c (at 550 my) is usually more reduced than cytochrome 
oxidase (at 605 mu) (3), whereas in purified preparations of the 
cytochrome c-cytochrome oxidase system, cytochrome c is always 
less reduced than cytochrome oxidase at 605 my (5). This phe- 
nomenon was attributed to the direct reaction of cytochrome 
oxidase with p-phenylenediamine and ascorbate, which were used 
as reducing agents (5). In addition, although cytochrome ox- 
idase is reduced to an appreciable extent at 605 my by reducing 
agents, the oxygen uptake by cytochrome oxidase is very low 
in preparations from which cytochrome c has been removed, 
such as purified preparations of cytochrome oxidase (1, 5, 6), 
ether-treated heart muscle preparations (7), 0.85% NaCl solu- 
tion-washed mitochondria (8). These findings disagree with the 
presently accepted sequence of the cytochrome reactions; reduc- 
ing agent - c > a — a3 — O> (2, 3). Therefore, further in- 
vestigation is required. 

The present paper reports an investigation of steady states 
of the cytochrome oxidase system by use of the purified prep- 
aration of cytochrome oxidase (1) measured by spectrophoto- 
metric and polarographic techniques (3, 5). 


EXPERIMENTAL PROCEDURE 


Materials 


Preparation of Purified Cytochrome Oxidase—The purified prep- 
aration of cytochrome oxidase was made as described in the 
previous paper (1). 

Preparation of Crystalline Cytochrome c—The crystalline prep- 
aration of cytochrome c was made from beef heart according 
to the method of Hagihara et al. (9). 

Preparation of Purified Cytochrome c:—The purified prepara- 
tion of cytochrome c; was made from beef heart according to 
the method of Okunuki e¢ al. (10). 


Methods 


Measurement of Difference Spectra—The difference spectra of 
the preparations were measured with the oxidized preparation 
in the reference cuvette by a rapid scanning recording spec- 
trophotometer which records the absorption spectrum from 650 
to 400 my within 30 seconds with high accuracy (11-13). The 
percentage reduction of the peaks during aerobic steady states 
was calculated from the difference spectrum according to the 
method of Chance (3). For measurement of the peaks at 605, 
550, and 445 my, the reference wave lengths were 630, 563, 
and 470 my, which do not indicate the isosbestic points, but 
represent the position of the troughs in difference spectra. 

Kinetic observations were carried out at wave lengths of 605, 
550, or 445 my. In these experiments, the oxidized prepara- 
tion was used as a base-line for the calculation of the percent- 
age reduction. 

Concentration of Cytochromes—The concentrations of cyto- 
chromes c and c; were calculated by use of the millimolar ex- 
tinction coefficients: €550 mu(redueed) = 27.7 (14) and €553 my(reduced) 
= 15.8(x em) (10), respectively. Since the individual extine- 
tion coefficients of cytochromes a and a3 are not yet known, the 
concentration of cytochrome oxidase was also calculated by use 
of the millimolar exinction coefficient, €605 mu(reduced) = 20.5, based 
upon the iron content of hemin a in the preparation. 

Measurement of Cytochrome Oxidase Activity—Under the ex- 
perimental condition, there is no oxygen uptake by cytochrome 
c and ascorbate, and the autoxidation of cytochrome oxidase is 
extremely low (cf. Experiments 1, 2, and 3 in Table I) as long 
as ascorbate is used as a reducing agent. The reaction mixture 
consists of cytochrome oxidase and cytochrome c in 0.1 m phos- 
phate buffer (pH 7.2) containing 1% Emasol 4130 (15, 16). 
The reaction was initiated by an addition of ascorbate. To 
prevent the diffusion of oxygen from air to the reaction mix- 
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TaBLeE I 
Effect of cytochrome c upon cytochrome oxidase activity 
Oxidase, 3.5 um cytochrome oxidase; c, 3.5 um cytochrome c; 


¢, 3.5 uM cytochrome c; in 0.1 m phosphate buffer, pH 7.2, contain- 
ing 1% Emasol 4130, at 26°. 












































A B 
Reduction of peak | Reduction of 
Preparation 

o Activ- s s 

t eo — — 

B | °” | cos |ssscssoy| us| 6] & | & 

3 my | me |me| g£| $2S| g 

a >o| OS ~o 
< | Oo oO Oo 
mu |e) | % | %1% | % | % 
1. Oxidage! :..25. 55. 15 | 0.05 | 33 16 | 39 1 
D. ONIGGNO To aisi0s 455 30 | 0.05 | 33 16 | 39 1 
3. ORIAREO 52.440 5% 50 | 0.06 | 33 16 | 39 : 
4. Oxidase + c...... 50 | 1.33 | 43 | (23) | 23 | 50 | (23) | 5 
5. Oxidase + ¢...... 15 | 0.09 | 438 | 52 | 20) 51} 52 0 
6. Oxidase + c1...... 30 | 0.10 | 45 | 79 | 21) 53) 79 0 
7. Oxidase + ¢1...... 50 | 0.13 | 45 | 89 | 21 | 53) 89 0 
8. Oxidase + c1 + c.| 50 | 1.36 | 45 | (15)*| 23 | 52 | (15)*) 3 





* Cytochromes c and c; measured at 551 muy. 


ture, a reaction cuvette with a stopper was used. The activity 
of cytochrome oxidase was calculated from the measured time 
between addition of ascorbate and exhaustion of the oxygen 
dissolved in the reaction mixture, 7.e. the time of the aerobic 
steady state, which can be measured by spectrophotometric or 
polarographic techniques (3, 4, 8). The exhaustion of oxygen 
was indicated spectrophotometrically by a sudden reduction of 
the cytochromes from a steady state to a fully reduced state 
or polarographically by a clear break in the curve recording the 
time course of oxygen utilization. In the case of a slow reac- 
tion such as the autoxidation of cytochrome oxidase, the ac- 
tivity was calculated from the inclination of the polarographic 
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traces according to the method of Chance (3, 4). 
ments were carried out at 26°. 
used as a reducing agent. 


All the experi- 
Sodium ascorbate was always 


RESULTS 


Aerobic Steady State of Cytochrome Oxidase System—Changes 
in optical density at 605, 550, and 445 my were recorded after 
the addition of ascorbate to the aerobic mixture of cytochrome 
c and cytochrome oxidase. A typical composite record is shown 
in Fig. 1, in which time reads from right to left. The reaction 
mixture consists of 4.2 um cytochrome c and 4.2 um cytochrome 
oxidase in the medium described. After addition of 75 mM as- 
corbate, the components absorbing at 605 and 445 my are im- 
mediately reduced to 66 and 29%, respectively, of their orig- 
inal level. The component absorbing at 550 mu (cytochrome 
c) is instantly reduced to ~80% and then reoxidized to ~22% 
reduced after about 50 seconds, Once the endogenous oxygen 
(initial concentration ~240 um at 26°) is exhausted by the cat- 
alytic reaction of the cytochrome oxidase system, all the peaks 
are rapidly reduced. The peaks at 605 and 550 my reach the 
fully reduced state fairly rapidly. The component absorbing at 
445 my is reduced very slowly, showing two phases of succes- 
sive rapid and slow reduction. It takes more than 3 minutes 
to reduce the peak at 445 my to the full extent. The time 
required from addition of ascorbate to exhaustion of oxygen, 
i.e. the time of the aerobic steady state, is accurately measured 
to within 3% under the same conditions (210 to 213 seconds 
in the experiments of Fig. 1). The activity of cytochrome oxi- 
dase (um O, per second) can be calculated to be 1.4 by divid- 
ing the initial oxygen concentration by the time of the aerobic 
steady state (240 um O2 per 210 seconds). 

Percentage Reduction of Cytochrome Peaks in Steady States— 
Because of the rapid scanning possible with the recording spec- 
trophotometer, the spectrum of the preparation during aerobic 
steady states can be recorded after addition of reducing agents, 
as studied by Chance (3) and Smith (4). Scanning is usually 
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Fig. 1. Optical density changes at 605, 550, and 445 my during the reaction of cytochrome oxidase. A mixture of 4.2 um cytochrome 
cand 4.2 um cytochrome oxidase in ‘‘Emasol-phosphate, pH 7.2” is placed in both the sample and the reference cuvettes. After record- 
ing is started with a fixed wave length at 605, 550, and 445 my, 75 mm ascorbate is added to the sample cuvette. Changes in optical 


density are traced on the chart of the recording spectrophotometer. 


on the same chart. 


Curves at 605, 550, and 445 my are obtained independently, traced 
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CONCENTRATION OF ASCORBATE (mM) 


Fie. 2. Effect of ascorbate upon percentage reduction in aero- 
bic steady states. The difference spectra during aerobic steady 
states are rapidly recorded after addition of ascorbate, and are 
compared with the fully reduced spectra obtained after anaero- 
biosis in order to calculate the percentage reduction of the peaks 
at 605, 550, and 445 my according to the method of Chance (3). 
The percentage reduction of the peaks is plotted against ascorbate 
concentration at different concentrations of cytochrome c; (1), 
30 uM; (2), 14 um; (3), 7 um; and (4),3.5um. The concentration of 
cytochrome oxidase is 3.5 uM. 
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Fia. 3. Effect of ascorbate concentration upon activity. Un- 
der the same conditions as described in Fig. 2, the cytochrome 
oxidase activity (O2 uM per second) is measured by dividing the 
initial oxygen concentration by the time (in seconds) required 
from addition of ascorbate to anaerobiosis. The activity is plot- 
ted against the ascorbate concentration at different concentra- 
tions of cytochrome c. 


begun 20 seconds after addition of ascorbate, since cytochrome 
c reaches a definite steady state fairly slowly. After anaero- 
biosis, all the peaks are fully reduced, the percentage reduction 
being determined from a comparison of the extent of reduction in 
the fully reduced state with that in the steady state. In Fig. 
2, the percentage steady state reduction at three pairs of wave 
lengths is plotted against ascorbate concentrations for four con- 
centrations of cytochrome c and a fixed concentration of cyto- 
chrome oxidase (3.5 uM). At ascorbate concentrations below 
100 mM, under which condition most investigators have meas- 
ured cytochrome oxidase activity (5, 16, 17), the peak at 550 
my is always less reduced than those at 605 and 445 mu. The 


Cytochrome Oxidase. 


II Vol. 235, No. 11 


percentage reductions at 605 and 445 my reach a nearly maximal 
value at 134 mm™ ascorbate, whereas that at 550 my increases 
continuously with inceasing concentrations of ascorbate; with 
600 mm ascorbate, the reduction is from 95 to 99%. An ex- 
tremely high concentration of ascorbate (>300 mm) is required 
to reduce cytochrome c more than cytochrome oxidase. 

Effect of Ascorbate Concentration upon Activity—If the cyto- 
chrome oxidase activity is plotted against the ascorbate concen- 
tration at the same concentrations of cytochrome c plotted in 
Fig. 2, a series of hyperbolic curves is obtained (Fig. 3). The 
activity appears to depend upon the concentrations of both as- 
corbate and cytochrome c, in agreement with the results of 
Slater (17) and Minnaert (18). Higher activities are obtained 
with higher concentrations of ascorbate until its toxic effects 
become significant; at concentrations of 150 mm, the activity 
decreases slightly. In Fig. 4, the results are replotted accord- 
ing to the procedure of Lineweaver and Burk (19) to obtain 
the apparent Michaelis constant (Km) of ascorbate. The points 
at any one fixed concentration of cytochrome c locate on a 
straight line. The lines obtained at the four concentrations of 
cytochrome c cross the 1/S axis (abscissa) at the same point, 
the negative reciprocal of which gives Kn = 66 X 10°? m 
for ascorbate, independent of cytochrome c concentration. 

Effect of Cytochrome c Concentration upon Activity—If the ac- 
tivity is replotted against the concentration of cytochrome c 
at different concentrations of ascorbate, a series of rectangular 
hyperbolic curves is again obtained, showing that the activity 
also depends upon the concentration of cytochrome c. Higher 
activities are obtained with higher concentrations of cytochrome 
c up to at least 30 um, which is the highest concentration used 
in this study. With the use of the method of Lineweaver and 
Burk (19) to plot the relation between activity and cytochrome 
c concentration at different concentrations of ascorbate, the graph 
of Fig. 5 is obtained. The points at any one fixed concentra- 
tion of ascorbate fall on an almost straight line. The lines ob- 
tained at the four different concentrations of ascorbate cross the 
abscissa at the same point. The apparent K,, of cytochrome 
c is calculated to be 2.0 x 10-5 m, which is independent of 
ascorbate concentrations under experimental conditions. 

Effect of Phosphate Concentration on Activity—The effect of 
phosphate concentration upon the activity is shown in Fig. 6. 
The optimal concentration of phosphate is 50 mM, affirming the 
results of Smith (20). The inhibitory effect of high concentra- 
tions of phosphate is much less in the purified system than in 
the Keilin-Hartree preparation observed by Slater (Fig. 8 of 
(17)). Even at 500 mm phosphate, the activity of the prepara- 
tion remains at 65% of the maximum observed at 50 mm phos- 
phate. There is no significant effect of phosphate concentra- 
tion upon the percentage reduction of the components during 
aerobic steady states. 

Activity and Cytochromes c and c:;—Although 16 and 33% of 
the peaks of cytochrome oxidase are reduced at 445 and 605 
muy, respectively, with ascorbate (15 to 50 mm), there is no 
significant oxygen uptake of the reduced cytochrome oxidase as 
shown in Experiments 1, 2, and 3 of Table IA. This is 
more clearly demonstrated in the following experiments: cyto- 
chrome oxidase reduced through cytochrome c; with ascorbate 
shows no appreciable amount of oxygen uptake in the absence 
of cytochrome c, although 21 and 45% of its peaks at 445 and 
605 my are reduced, respectively, as shown in Experiments 5, 
6, and 7 of Table IA. Such observations have been reported 


ins 
ar 


wi 


no 
to 


chy 
qu 
ael 
chs 
du 
siti 
cyt 

2 


ant 


res 


sli 
tro 





XUM 


o. ll 


ximal 
reases 

with 
NT ex- 
juired 


cyto- 
meen- 
ted in 

The 
th as- 
Its of 
tained 
effects 
tivity 
ccord- 
obtain 
points 
on a 
ions of 
point, 
10° 


the ac- 
rome ¢ 
ingular 
ctivity 
Higher 
chrome 
mn used 
yer and 
chrome 
e graph 
centra- 
nes ob- 
ross the 
chrome 
dent of 
? 
ffect of 
Fig. 6. 
ring the 
neentra- 
than in 
ig. 8 of 
prepara- 
im phos- 
ncentra- 
3 during 


33% of 
and 605 
re is no 
cidase as 

This is 
ts: cyto- 
scorbate 
absence 
445 and 
ments 5, 


reported 





November 1960 


for various preparations by many workers (5-7). If cytochrome 
c is added to the system, very rapid oxygen uptake is observed 
without significant changes in percentage reduction of the peaks 
of cytochrome oxidase. Cytochrome c, reduced up to 89% in 
the absence of cytochrome c, is significantly oxidized! during 
aerobic steady states in the presence of cytochrome c (Experi- 
ment 8 of Table IA), indicating that cytochrome c does me- 
diate the oxidation of reduced cytochrome ¢1. 


DISCUSSION 


Conversion of Percentage Reduction of Peaks at 605 and 445 
mu to That of Cytochromes a and a;—In agreement with the re- 
sults of Chance (3) and Smith (5), the peak at 605 muy is al- 
ways more reduced than that at 445 my during aerobic steady 
states. This cannot be explained as the property of a single 
cytochrome. 

The successive two-phase reduction of the absorption at 445 
my (Fig. 1) can also be observed in reduction with dithionite. 
Even with dithionite, it takes more than 3 minutes to reduce 
the peak to the fully reduced state. 

The initial overshooting in the steady state reduction of cyto- 
chrome c (Fig. 1) by addition of ascorbate may be due to the 
time delay of the interaction between cytochrome c and cyto- 
chrome oxidase. However, further experimentation is required. 

The percentage reduction of the peaks at 445 and 605 my 
does not represent that of cytochromes a and as, respectively, 
because as described in the previous paper (1), both cytochromes 
a and a3 are contributing to the peaks at 445 and 605 mu. 
Assuming that cytochrome a; contributes 60 and 15% of the 
peaks at 445 and 605 muy, respectively? and that the remain- 
ing absorption is due to cytochrome a, the following equations 
are obtained: 


8a+ 15a; = 10a (1) 
40a + 60a; = 100 y (2) 


where @ and y are the peaks at 605 and 445 muy, respectively. 
The equations can be converted to: 


I7y — 8a 
niles sal (3) 


4a-—y 
ay? eee 4 
a ; (4) 


Although the present preparation of cytochrome oxidase shows 
a ratio of 1.24 for OD'T2"*4 to OD°"4 and the ratio does 


445 ms 424 mp 
not change by storage at 0° for 3 months, the ratio decreases 


to 1.0 or less by repeated freezing and thawing or storage above 


1 To distinguish the individual steady state reductions of cyto- 
chromes ¢ and ¢:, a low temperature spectrum was measured by 
quick cooling with liquid nitrogen. During cooling, however, the 
aerobic steady states of cytochromes c and c; were completely 
changed and both cytochromes c and c; became almost fully re- 
duced, because the chemical reduction with ascorbate is less sen- 
sitive to the temperature change than the enzymic oxidation with 
cytochrome oxidase. 

*In this paper, the percentage reduction of the peaks at 445 
and 605 my is based upon the peak-to-trough values; 


AOD 45-460 me And AOD 5-630 my; 


respectively, except in Fig. 1. Therefore, the percentage contri- 
bution of cytochromes a and a; to the peaks at 445 and 605 my is 
slightly different from that reported previously (1) (cf. the in- 
troduction) which is based upon AODas ms and AODes m- 
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Fig. 4. The relation between activity and ascorbate concentra- 
tion, shown in Fig. 3 replotted according to the procedure of 


Lineweaver and Burk (19). The apparent Michaelis constant of 
ascorbate is calculated to be 6.6 X 107? Mm. 
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Fic. 5. The relation between activity and cytochrome c con- 
centration, obtained under the same conditions as described in 
Figs. 2 and 3, plotted according to the procedure of Lineweaver 
and Burk (19). The apparent Michaelis constant of cytochrome 
c is calculated to be 2.0 X 10-5 m. 


0°, indicating some damage to modification of the components. 
Some of the purified preparations of cytochrome oxidase reported 
by other investigators show a somewhat lower ratio (21, 22). 
In these preparations, the percentage reduction of cytochromes 
a and a; may differ from that reported previously (1). There- 
fore, for each preparation the percentage contribution of the two 
components must be measured, to modify appropriately Equa- 
tions 1 and 2. 

From the results of Table IA, the percentage reduction of 
cytochromes a and a; is calculated by using Equations 3 and 
4, as summarized in Table IB. 
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or 
1.4 SG ee 
S 12 ‘Tl 
2 a 
ba 
z 1.0 The latter is identical to that reported by Yakushiji and Oku- 
os lL nuki in 1940 (7) except that cytochrome a; takes the place of 
é cytochrome oxidase. This reaction sequence is quite different 
~— o6F from that widely accepted at present: 
> 
E oat —>ca7-c¢7 aa; O2 
F o2 It is possible that the reaction sequence may be significantly 
S modified by purification of the preparation. 
0 5 “on ; — ; i. 3 : = — The following facts support the position of cytochrome a in 


CONCENTRATION OF PHOSPHATE (mM.) 


Fic. 6. Effect of varying phosphate concentrations upon ac- 
tivity in the presence of 1% Emasol 4130. The concentrations of 
ascorbate, cytochrome c, and cytochrome oxidase are 66, 3.5, and 
3.5 uM, respectively. 


Cytochrome a; is almost always completely oxidized during 
aerobic steady states, in good agreement with the finding of 
Chance and Yonetani (23, 24) that a’} can rapidly react with 
oxygen in the absence as well as in the presence of cytochrome c. 

The portions of the peaks of cytochrome oxidase reduced dur- 
ing aerobic steady states are mainly due to cytochrome a, as 
shown in Table IB. 

According to the present concept of the cytochrome chain, 
there must be rapid reaction of the partially reduced cytochrome 
oxidase, t.e. (a’’ + a’j’) with oxygen even in the absence of 
cytochrome c. As described before, however, no appreciable 
oxygen uptake is observed in the absence of cytochrome c (Ta- 
ble I). The added cytochrome c accelerates the oxygen uptake 
significantly. In addition, it has been found‘ that the reduction 
of a’}’ is much slower in the absence of cytochrome c than in 
the presence of cytochrome c. These may indicate that cyto- 
chrome c mediates electron transfer between a” and a’j’, and 
may thus explain the lack of oxygen uptake in the absence of 
cytochrome c. 

Reaction Sequence of Cytochrome Oxidase System—In the ab- 
sence of cytochrome c, the aerobic steady state can be expressed 
by the following schemes: 


Without cytochrome ec: 


ascorbate ————> a ———-> a; ———> 02 


15 to 50 mu 39% reduced oxidized 


With cytochrome ¢;: 





ascorbate > 


15 to 50 mm 52 to 89% 
reduced 


>a———- a —— OO. 


51 to 58% 
reduced 


oxidized 


The sequence of the cytochrome reaction in the presence of cyto- 
chrome c is expressed as follows: 


—c-7c¢-a->cma3;3— O02 





*The abbreviations used are: a;’’, reduced cytochrome a;; 
a;’’’, oxidized cytochrome a;; a’’, reduced cytochrome a. 


4 Unpublished. 


the cytochrome chain which is proposed above. (a) The as- 
corbate concentration required for the half-maximal steady state 
reduction of cytochrome a calculated from Fig. 2 (Km, = 15mm 
ascorbate) is much less than that required for half-maximal 
activity (K,, = 66 mM ascorbate). (6) There is no significant 
response of the steady state reduction of cytochrome a to the 
significant oxygen uptake accelerated by the added cytochrome 
c (Experiments 7 and 8 of Table IB). 

Insoluble System and Purified System—In order to study pure 
mass action of the cytochrome oxidase system in insoluble 
systems such as mitochondria and heart muscle preparations, 
several complicated problems must be overcome: among them, 
the difference in the properties of endogenous and added cyto- 
chrome c; considerable sensitivity of activity to pH; and the 
concentration of various cations and anions including phosphate. 

It has been explained that these are due to some barrier be- 
tween cytochrome oxidase and added cytochrome ¢ which is 
very sensitive to conditions of the environment. In a purified 
system of cytochrome c oxidase, there is no such barrier, and 
cytochrome c, cytochrome oxidase, ascorbate, and oxygen can 
freely react with each other, as demonstrated by the fact that an 
extremely high concentration of ascorbate is required to keep 
cytochrome c in a more reduced state than cytochrome oxidase 
during aerobic steady states and by the fact that the activity in 
a purified preparation is much less sensitive to the above men- 
tioned factors. 

Methodology—Among the widely used methods of measuring 
cytochrome oxidase activity, manometry (oxygen consumption), 
spectrophotometry (the rate of oxidation of reduced cytochrome 
c), and polarography (oxygen concentration) are unsuitable for 
obtaining information on the relationships among cytochromes 
c, a, and as, since they measure cytochrome oxidase not as 
cytochromes a and a; but as a single enzyme. The only tech- 
nique presently available to study this intercytochrome relation- 
ship is the simultaneous observation of steady state levels and 
activity first developed by Chance (3) and applied in detail in the 
experiment reported here. 

The concentration of cytochrome oxidase employed in this in- 
vestigation is much higher than that used for the spectrophoto- 
metric method by Smith and Conrad (25, 26), in order to observe 
accurately the percentage reduction of the peaks of the oxidase. 
Because of this, the turnover number of the oxidase under these 
experimental conditions is fairly low. However, it is worth- 
while to mention that under optimal conditions, the turnover 
number (oxidizing equivalents of oxygen per heme iron per 
second) of the preparation is equal to 30 at 26°. 
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SUMMARY 


1. Aerobic steady state properties of the components of the 
cytochrome oxidase system have been investigated by using 
purified preparations of cytochromes c and c and cytochrome 
oxidase(cytochromes a and a3). 

2. The peak of cytochrome oxidase at 605 my is always more 
reduced than that at 445 my during aerobic steady states. 

3. Both cytochrome c and ascorbate are participating in the 
cytochrome oxidase activity of the preparation. The apparent 
Michaelis constants (the concentrations required for half- 
maximal activity) of cytochrome c and ascorbate are equal to 
2.0 X 10-'m and 6.6 x 10-* M, respectively. 

4, Equations to distinguish the steady state reduction of 
cytochromes a and a; from each other are derived. 

5. Cytochrome a; is always almost fully oxidized during 
aerobic steady states. 

6. Cytochrome a is reduced to an appreciable extent with 
ascorbate alone or ascorbate-cytochrome ¢, but no significant 
oxygen consumption is observed unless cytochrome c is present. 

7. Cytochrome c reacts between cytochromes a and a3, as 
well as between cytochrome c; and cytochrome a. From this re- 
sult, the most probable location of cytochrome a is on a side path 
of the cytochrome chain, at least in a purified system of cyto- 
chrome oxidase and cytochrome c-deficient preparations, as re- 
ported by Yakushiji and Okunuki (7): 
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Studies are currently in progress in this laboratory to determine 
the complete amino acid sequence of the crystalline enzyme, 
papain (2). Several methods of hydrolysis are obviously re- 
quired to obtain a sufficient number of peptides to provide over- 
lapping sequences. In the present study chymotrypsin was used 
as the hydrolytic agent on performic-acid oxidized papain. The 
soluble peptides were separated on Dowex 50 and purified on 
paper by chromatography or by electrophoresis. The amino 
acid composition of each peptide was determined by quantitative 
chromatographic methods. The peptides which were obtained 
account for 117 of the 185 residues in the entire molecule of 
papain. Since less than two-thirds of the residues were obtained 
in peptides by these methods, it is evident that other procedures 
will be required to obtain additional peptides. Papers II and 
III of this series (3, 4) present the sequences of the peptides 
described in this paper. 


EXPERIMENTAL PROCEDURE 


Materials—Papain was prepared from dried papaya latex by 
the procedure of Kimmel and Smith (5). After two recrystal- 
lizations, the papain had a proteolytic coefficient of 1.5 toward 
benzoyl-L-argininamide. Oxidation with preformed performic 
acid was accomplished by the procedure of Sanger (6) with the 
temperature of the reaction flask maintained at —12° for 3 hours 
as recommended by Mueller et al. (7). Residual peroxide bound 
to the protein was removed by precipitating and washing the 
protein with trichloroacetic acid. The sample was dried with 
absolute alcohol and ether (8). 

In a previous study (9) it was shown that oxidation produced 
no significant alteration of amino acid recovery after acid hy- 
drolysis except for a small loss of tyrosine and conversion of 
cystine and cysteine to cysteic acid. Tryptophan destruction 
was not estimated; however, it was evident from studies of the 
peptides (see below) that some of the tryptophan was not oxi- 
dized by performic acid. It has also been reported earlier (9) 
that no new end groups appeared in the protein as a result of 
the oxidative procedure. 

Crystalline chymotrypsin was obtained as a salt-free prepa- 
ration from Worthington Biochemical Corporation. The trypsin 
content was less than 0.1% in a sample (20 mg) as judged by an 
assay with 0.05 m benzoyl-L-argininamide as substrate. 

Chymotryptic Digestion—Oxidized papain (1 g) representing 48 

* This investigation was aided by grants from the National In- 
stitutes of Health, United States Public Health Service and from 
the Rockefeller Foundation. A preliminary report of this work 
has been presented (1). 


umoles was suspended in 100 ml of water and the preparation 
was adjusted to pH 7.8. No difficulty was experienced with 
clumping or nonwetting with oxidized papain that was subjected 
to trichloroacetic acid precipitation (8). A sample (30 mg) of 
chymotrypsin was added and this dissolved on stirring. Di- 
gestion was performed at room temperature with a magnetic 
stirrer providing the mixing. The solution was maintained at 
pH 7.8 by the automatic addition of 0.71 N ammonium hydrox- 
ide, regulated with the aid of a Radiometer pH stat, model TTT- 
1A. A crystal of thymol was added as preservative. 

The course of the digestion is shown in Fig. 1. Base was 
consumed at a rapid rate for the first 2 hours and thereafter at 
a slower rate. At 23 hours, Point A, an additional 10 mg of 
chymotrypsin were added. After neutralization of the added 
enzyme no further uptake of base was observed and the digestion 
was considered to be complete. 

During the digestion the initial turbidity of the suspension 
diminished considerably although the final digest still contained 
some insoluble material. After acidification to pH 2.2 by the 
addition of 98% formic acid, a marked precipitation occurred. 
The insoluble fraction was removed by centrifugation and washed 
3 times with portions (10 ml) of 0.2 N sodium formate buffer at 
pH 2.1. The insoluble fraction amounted to approximately 20% 
by weight of the oxidized papain used for the digestion. 

Column Chromatography of the Digest—The soluble portion of 
the digest was fractionated on an ion exchange column with only 
minor modification of the procedure described by Hirs et al. (10). 
Dowex 50-X2 resin, lot 3604-13 (through 200 mesh) was sized by 
passage of the wet resin through a 100 mesh sieve and further 
fractionated by a flotation procedure (11). Resin fractions 
(1350 ml through 200 mesh and 650 ml of 125 to 250 mesh) were 
combined so that a proper flow rate could be obtained in the 
column. 

Purification of the resin with 4 Nn HCl and 2 n NaOH was 
performed by procedures already described (12). The resin was 
suspended in 0.2 n NaOH before pouring the column. A jack- 
eted column, 3 cm in diameter and 150 cm in length, was con- 
nected to a length (6 meters) of glass tubing (12 mm) extending 
vertically above the column. The entire assembly was filled 
with 0.2 n NaOH and the slurry of resin added at the top. Under 
these conditions the resin settled through the liquid by gravity 
thus yielding a uniformly packed column free from air bubbles. 
With the column still in position, 0.2 N sodium formate buffer 
at pH 2.1 was passed through until the resin was equilibrated 
with the buffer. The column was then mounted over a Techni- 
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con fraction collector and water from a 35° water bath was 
circulated through the jacket of the column. 

The composition of the buffers used for chromatography is 
given in Table I. Sodium ion concentration was adjusted by 
the addition of the appropriate volume of NaOH. Phenol was 
used as a preservative. 

The lyophilized soluble fraction of the chymotryptic digest was 
suspended in 60 ml of sodium formate buffer at pH 2.1 and added 
to the top of the resin. Air pressure was applied to drive the 
sample into the column. Elution was started with the buffer 
at pH 3.1, and the flow rate was maintained with the aid of a 
Minipump (MM-1-B-29, Milton Roy Company, Philadelphia, 
Pennsylvania) set at 53.7% of stroke volume. The starting flow 
rate was 2.5 ml per minute. During the run the flow rate was 
decreased to collect a fraction (20 ml) every 10 minutes. Ap- 
propriate tubes were sampled for pH measurements. Duplicate 
aliquots (0.5 ml) were removed from every third tube for ninhy- 
drin analysis (10). To one aliquot, 1 ml of 2.5 n NaOH was 
added and the tubes were heated in a water bath at 100°. After 
24 hours, 1 ml of 30% acetic acid was added. Ninhydrin 
analyses were performed on the treated and untreated aliquot. 
The effluent pattern is shown in Fig. 2. 

Elution was continued with the pH 3.1 buffer until 495 tubes 
were collected. A gradient was begun by introducing pH 4.1 
buffer into a 5-liter round bottom mixing flask containing 0.25 
N sodium formate buffer at pH 3.1. When 1240 tubes (24 liters 
of effluent) were collected, the pH 5.1 buffer was allowed to enter 
the mixing flask. After the gradient reached the pH of this 
buffer, elution was continued with the same buffer for an addi- 
tional 300 tubes (6 liters) after the emergence of Peak 20. To 
increase the rate at which equilibrium was reached for the 
strongly adsorbed peptides, the temperature in the water jacket 
was raised to 50° at tube 1527 which corresponds to an effluent 
volume of 30.5 liters. 

It was apparent that a gelatinous fraction still remained at 
the top of the resin at the conclusion of the run. This fraction 
dissolved and emerged from the column upon washing with 2 N 
NaOH. Ninhydrin analysis indicated that an appreciable con- 
centration of peptides was present; however, since strong alkali 
was used for elution, no further work was attempted with this 
fraction. On the basis of the peaks obtained by ninhydrin analy- 
sis before and after hydrolysis, tubes were pooled to obtain frac- 
tions of greatest purity. All fractions were stored in the frozen 
state. The total volume of each fraction was recorded and ali- 
quots were removed as required. Since the effluent fractions 
contained a high concentration of salts, a preliminary desalting 
was required before hydrolysis. An aliquot of each fraction was 
dried in a rotary evaporator, and the salt cake was extracted with 
several portions of concentrated HCl (10). The extract was 
dried and the sample was hydrolyzed in 3 times glass-distilled 
6 n HCl under reduced pressure at 110° for 40 hours. Amino 
acid analyses were performed on columns of Dowex 50-X8 as 
previously described (13), and more recently on the automatic 
amino acid analyzer (14) manufactured by Spinco. No correc- 
tions were applied for destruction of individual amino acids dur- 
ing hydrolysis. 

Desalting of Effluent Fractions—Several methods for the de- 
salting of fractions were investigated. Instead of using a single 
method for all fractions, the procedure which was used was 


1 We wish to thank Mr. Boyd Lythgoe for his assistance in per- 
forming some of these analyses. 
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Fia. 1. The rate of hydrolysis of oxidized papain (1% soluticen) 
by chymotrypsin (0.03%) at pH 7.8 and 25°. At Point A, a further 
quantity of chymotrypsin (0.01%) was added. The base uptake 
refers to the addition of 0.71 n NH,OH required to maintain con- 
stant pH during the digestion. 


TaBLe I 
Composition of buffers used for column chromatography 


Phenol (0.25 g per liter) was added to all buffers except that at 
pH 2.1. 














pH | [Nat] | Formic acid | Acetic acid | NaOH | HCI | Volume 
M ml ml g liters 
2.1 0.2 44.8 40 5 
3.1 0.25 173 200 274 20 
4.1 0.5 572 400 608 20 
5.1 2.0 1370 960 483 12 

















chosen on the basis of the calculated composition of the peptide 
and its apparent size. 

Procedure A—Peptides containing a basic residue could be 
desalted on columns of IRC-50, by a procedure similar to one 
previously described (15, 16). The resin (through 100 mesh) in 
the hydrogen ion form was poured into a column of appropriate 
size. After dilution of the peptide fraction to 0.2 n sodium 
concentration and acidification with glacial acetic acid to pH 
4 to 5, the sample was added to the resin with water washes. 
The amount of resin which was used was at least 10 times the 
amount required to bind the peptide. Under these conditions, 
the peptide remained at the top of the column, and the salt was 
displaced with 0.1% acetic acid. Washing was continued until 
the effluent gave a negative test for chloride ion. Elution of the 
peptide was accomplished with a buffer containing 30% pyridine 
and 4% glacial acetic acid (15). When the pH of the effluent 
reached that of the pyridine-acetate buffer, essentially quantita- 
tive elution had occurred. The desalted fraction was concen- 
trated on a rotary evaporator and dried by freeze-drying. 

Procedure B—Neutral and acidic peptides were desalted on 
columns of Dowex 50-X16 by the molecular sieve technique (17). 
Resin in the 25 to 50 mesh range was used in the hydrogen ion 
form. The washed resin was equilibrated with 4 n HCl and 
excess acid was removed with deionized water. The resin was 
ready for use when the effluent reached pH 5 to 6. An amount 
of resin representing a 5-fold excess of that required to bind all 
the salt present was used. The sample was added to the resin 
and washed with 3 column volumes of water. The sodium ions 
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Fic. 2. Separation of the soluble peptides from the chymotryp- 
tic digest of 48 uwmoles of oxidized papain. Chromatography was 
performed on a column (3 X 150 cm) of Dowex 50-X2. The efflu- 
ent was collected in fractions (20 ml) and aliquots (0.5 ml) were 
removed for analysis by the ninhydrin method before (-----) and 
after alkaline hydrolysis (——). The absorbance was measured 
at 570 mp in a colorimeter. The abscissa represents the effluent 


in the fraction are thus exchanged for hydrogen ions. To remove 
the chloride ions still present and to raise the pH, a 5-fold excess 
of the calculated quantity of Amberlite [RA-400 (20 to 50 mesh) 
in the acetate form was added immediately to the effluent from 
the Dowex 50-X16 column. After equilibration for 30 minutes, 
the mixture was filtered and the resin washed with water. The 
desalted fraction was concentrated on a rotary evaporator and 
dried from the frozen state. 

Although the peptides are exposed to low pH for a short time, 
there is no indication of peptide or amide bond hydrolysis. Pep- 
tides O-C-III, IV, VIII, XI, and XIV (see below) were treated 
by Procedure B and proved to contain intact amide bonds. 

Procedure C—With peptides comprising less than six residues 
or those rich in aromatic or large aliphatic residues, the yield 
after desalting on Dowex 50-X16 was found to be low. The 
yield was improved by treatment of the column after the water 
washes (as in Procedure B) with 30% pyridine-4% acetic acid 
buffer. The peptide appeared in the effluent with the break- 
through of the buffer. Such fractions were sufficiently free of 
salt to be suitable for other studies. 

Separation of Peptides by Electrophoresis-Chromatography—The 
purity of the desalted fractions was evaluated by a two-dimen- 
sional procedure similar to that described by Ingram (18). The 
sample was applied as a spot to a sheet of Whatman No. 3MM 
paper. The first dimension consisted of electrophoresis at an 
initial setting of 1000 volts. This buffer at pH 6.5 contained 
200 ml of pyridine, 8 ml of glacial acetic acid, and water in a 
volume of 2 liters (19). For the second dimension, descending 
paper chromatography was performed with a solution of 200 ml 
of n-butanol, 30 ml of glacial acetic acid, and 75 ml of water. 
Peptides were detected by spraying with ninhydrin in collidine- 
acetate buffer (20). Arginine residues were detected with the 


volume in liters. The pH gradient is shown. The arrows indi- 
cate the point of application of a given buffer to the column as 
described in the test. After approximately 2000 fractions (40 
liters) were collected, a large ninhydrin reacting fraction was dis- 
placed by 2 n NaOH; this is not shown in the figure. The bars 
indicate the samples which were pooled for each fraction indicated 
by the Roman numeral. 


Sakaguchi reagent (21), and the Pauly reagent was used for 
locating tyrosine and histidine-containing peptides (22). The 
possible presence of tryptophan residues was determined with 
the Ehrlich reagent (23). The two-dimensional separation not 
only provided an estimate of purity, but, in addition, indicated 
the charge on the peptide. This allowed a preliminary assign- 
ment of the amide content of several of the fractions. 

For convenience, each fraction was assigned a Roman numeral 
in accord with its position of emergence from the column and 
the peptides derived from the fraction retain the same numeral. 
Since all peptides described in this study were obtained from 
oxidized (O) papain by chymotryptic (C) digestion, these identi- 
fying letters prefix each peptide, as in O-C-XIV, etc. The coding 
used herein (as in Table IT) will be used in all future studies which 
mention these peptides. 


Purity and Characterization of Peptide Fractions 


Fraction I—This fraction was desalted by Procedure B. A 
change in the method for the removal of chloride ion was made. 
The eluate from the Dowex 50-X16 column was treated with 
silver oxide and the precipitate removed by centrifugation. Ex- 
cess silver was removed with H.S8. This modification was used 
to remove a trace of copper salt that was accidentally introduced 
from metal connectors during concentration of the sample. 

Fraction I was examined after paper electrophoresis at pH 
6.5 for 24 hours followed by paper chromatography for 18 hours. 
The major component was an acidic peptide which stained blue- 
green after spraying with ninhydrin. The spot moved 25 mm 
to the anode and 290 mm from the starting position in the chro- 
matography. Two other components were present, a much 
weaker spot which appeared as a neutral peptide and a weakly 
basic peptide. 
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TaBLeE II 
Amino acid composition of peptides obtained by chymotryptic hydrolysis of oxidized papain 


The composition of each peptide is given in terms of the molar ratios of the constituent amino acids. 


Values for the main constitu- 


ents are given in bold-faced type except in the case of Peptides XA and XB where the assumed number of residues is given paren- 
thetically. Values for residues present to less than 0.01 of a mole areomitted. Molar ratios are calculated without any correction for de- 
struction of amino acids during hydrolysis or for the presence of known impurities. The peptides are numbered as in the text. In the 
case of Peptide XB, tryptophan was present as judged by qualitative test and it is assumed that only one residue was present. 
































Peptide O-C-* 
Amino acid 

I lit IV Vv VI Vil Vill Ix XA XB XI XIV XVA | XVII | XXA | XXB 
bysiee....7 ts Fsa0R 0.23 | 0.08 0.84 | 0.74 (1) | 0.9 (1) | 0.13 | 0.95 0.25 | 1.05 
Histidine......... 0.03 1.0 (1) | 1.0 (1) 
Arginine......... 1.1 (1) | 1.9 (2) | 1.0 | 0.97 1.17 | 1.8 | 0.94 
Cysteic acid...... 0.88 | 0.16 0.23 | 0.04 1.7 (2) | 2.2 (2) | 0.03 0.06 | 0.83 
Aspartic acid..... 0.01 | 0.91 | 0.91 | 0.28 | 0.22 | 0.26 | 0.98 | 1.0 | 3.6 (4) | 4.6 (5) | 0.18 | 1.16 1.00 
Threonine....... 0.14 0.91 0.12 0.09 | 0.92 0.85 
ee 0.01 | 1.86 | 0.17 | 1.98 | 0.07 | 1.02 10 @)|2.3. @)1Ga 0.15 | 0.90 
Glutamic acid....| 0.03 | 1.28 | 1.04 | 0.30 | 1.17 | 0.29 | 0.21 | 1.0 | 1.9 (2) | 3.3 (8) | 1.98 | 1.95 0.25 | 1.2 
NN os ods eaceas 1.06 0.56 0.12 | 1.12 13° OQ) PEaa 1.04 1.40 | 1.2 
la co Leena terete: 2.14 | 0.84 | 1.05 | 0.63 | 0.41 | 0.44 | 1.12 | 1.3 | 3.4 (3) | 4.0 (4) | 1.19 | 1.09) 1.2 | 0.46 | 1.2 | 2.08 
Alanine. 5 OF 0.01 | 1.10 | 1.00 | 0.21 | 1.01 | 0.35 | 2.0 | 3.5 (3) | 3.3 (3) | 0.07 | 1.89 0.10 
Wane 20s 1.00 | 2.34 1.07 | 0.07 | 3.8 (4) | 3.7 (4) | 1.00 | 1.68 0.15 
Isoleucine........ 0.77 0.22 | 0.05 0.08 1.07 
Rewslees in vices zi 1.15 | 1.04 | 1.79 0.09 | 0.18 | 1.1 (1) | 1.6 (2) | 0.06 
Tyrosine......... 0.97 | 0.11 0.20 | 0.75 | 0.99 | 0.78 1.0 (1) | 1.7 (2) | 0.84 | 0.94 | 0.82 | 1.00 | 0.80 
Phenylalanine.... 0.04 1.23 0.12 | 0.84 0.95 
Tryptophan....... | + (1) 
Total residues....| 6 11 6 4 4 2 | 4 7 25 33 6 13 2 5 9 5 
Tidld (ay. cease 40 50 57 23 25 16 (34 56 24 23 34 12 16 33 34 















































* The analyses given for Peptides XA, XB, XVA, XXA, and XXB are for purified preparations. 


For the other peptides the analysis 


is for the column fraction; after subsequent purification the composition of the peptide was confirmed by qualitative analysis on paper. 


Analysis of Peptide I (Table II) indicates the composition: 
CySO;H ,Gly2, Val, Leu, Tyr. The crude fraction contains im- 
purities at a low level in accord with the minor components found. 

Fraction III—The fraction was desalted by Procedure B and 
examined after paper electrophoresis at pH 6.5 for 3 hours and 
chromatography for 184 hours. A yellow spot, which turned 
gray after several hours, appeared as a neutral peptide that 
moved 297 mm from the starting position in chromatography. 
An extremely weak spot representing a neutral peptide was also 
found. 

Analysis indicated the composition: Asp-N He, Ser2, Glu-N He, - 
Pro,Gly ,Ala, Vale,Ileu,Leu. Since the peptide is neutral, both 
of the dicarboxylic acid residues are present as amides. 

Fraction IV—This ninhydrin negative fraction was desalted 
by Procedure B, and the peptide was located in the eluate with 
the Folin reagent of Lowry et al. (24). The Dowex 50-X16 resin 
was washed further with 5% NH,OH to increase the yield. 
Analysis indicated the composition: Asp ,Glu Gly , Ala , Leus. 

Fraction V—Analysis of this fraction clearly indicated the 
presence of at least two peptides in different amounts. The 
major fraction appeared to contain a phenylalanine residue in a 
tetrapeptide. Purification of the phenylalanine-containing pep- 
tide was accomplished by preparing the dinitropheny] derivative. 
An aliquot of the fraction representing 5 uwmoles of peptide was 
concentrated on a rotary evaporator. The resulting salt cake 
was treated with 5 ml of saturated NazCO; and 1 ml of nN NaOH 
to raise the pH to 8.5. A 10% solution of fluorodinitrobenzene 
in absolute alcohol (3 ml) was added, and the reaction mixture 


was shaken mechanically for 3 hours. Excess reagent was re- 
moved by extracting 15 times with portions (10 ml) of ether. 
The aqueous solution was acidified with 6 Nn HCl and the dini- 
trophenyl peptide extracted 6 times with portions (5 ml) of ether. 
The purity of the dinitrophenyl tetrapeptide was established by 
finding a single amino-terminal residue, threonine. The aqueous 
phase was examined in the butanol-acetic acid system and con- 
tained only serine and phenylalanine. Other amino acids pres- 
ent in the crude fraction, whose analysis is given in Table II, 
were removed by the purification procedure. The composition 
of Peptide O-C-V is Thr(Sere, Phe). 

Fraction VI—Analysis of this fraction (Table II) indicated 
that the composition of the major peptide is: Glu, Ala , Val, Tyr. 
Desalting was accomplished by Procedure B, and the fraction 
was then subjected to preparative paper chromatography for 32 
hours with the butanol-acetic acid-water solvent system. The 
faster moving fraction was isolated and, after acid hydrolysis, 
the qualitative composition on paper chromatography showed 
only the four major residues indicated in Table II. 

Fraction VII—Since the major peptide had the composition of 
a dipeptide, its sequence isSer.Tyr. Tyrosine must be carboxyl- 
terminal in conformity with the specificity of chymotrypsin. In- 
asmuch as the Ser.Tyr sequence was subsequently found in a 
larger peptide,? no further work was performed with this fraction. 

Fraction VIII—The composition indicated the tetrapeptide: 
Asp-NH2,Pro,Gly,Tyr. This was confirmed after desalting the 


2 Unpublished observations. 














3148 


fraction by Procedure B and treatment by paper electrophoresis 
at pH 6.5 for 2} hours followed by paper chromatography for 
18 hours. A single yellow spot appeared in the neutral zone 
which had moved 132 mm during the chromatography. Pre- 
‘sumably the desalting procedure removed the free glutamic acid 
indicated by analysis of the crude fraction in Table II. Since 
Peptide O-C-VIII is neutral, the aspartic acid residue is present 
as the amide. 

Fraction IX—The purity of this peptide was demonstrated by 
analysis as well as by the two-dimensional chromatographic 
procedure. After desalting by Procedure A, the fraction was 
subjected to electrophoresis at pH 6.5 for 3 hours followed by 
chromatography for 19 hours. A neutral peptide had migrated 
83mm on chromatography. The composition is: Lys, Asp ,Glu,- 
Gly ,Ala2,Phe. One of the dicarboxylic acid residues is pre- 
sumably in the amide form to confer a net charge of zero. 

Fraction X—Preliminary analysis indicated that this fraction 
contained a mixture of peptides. All the amino acids of papain 
with the exception of threonine, isoleucine, and phenylalanine 
were found. After desalting by Procedure A electrophoretic 
resolution of the fraction was accomplished by taking advantage 
of the charge on the histidine residue. An aliquot was streaked 
along the center of a 125-mm wide strip of Whatman No. 3MM 
paper and electrophoresis was performed for 2} hours with a 
buffer at pH 7.5 containing 18.15 ml of collidine, 50 ml of n 
acetic acid, and 1930 ml of water. A guide strip revealed the 
presence of four ninhydrin-positive components but only two 
were present in reasonable amount. Band A had moved 14mm 
toward the anode whereas Band B had moved 155 mm toward 
the cathode. Several electrophoretic runs were performed under 
these conditions to purify a sufficient quantity of Fraction XA 
and Fraction XB for amino acid analysis. Elution of the bands 
was accomplished by descending chromatography with dilute 
acetic acid. 

Bands A and B were both strongly positive after spraying with 
the Pauly reagent. Only Band B became orange after spraying 
with the Ehrlich reagent. The same color was obtained with a 
sample of glycyl-t-tryptophan which had been oxidized with 
performic acid by the method used for the papain. The com- 
position of the purified Peptides XA and XB is given in Table 
II. The yield given in Table II is based on the recovery of his- 
tidine present in the crude fraction and this refers to the yield of 
both XA and XB. The significance of these large peptides will 
be discussed below. 

Fraction XI—After desalting by Procedure B, the fraction was 
examined after electrophoresis at pH 6.5 for 3 hours followed by 
chromatography for 19 hours. A neutral peptide moving 125 
mm during the chromatography was the only major component. 
Five other components were present in much smaller and ap- 
proximately equal amounts. Purification of the fraction re- 
quired both paper electrophoresis and paper chromatography. 
Qualitative analysis on paper of the purified peptide confirmed 
the composition as Arg,Glu,Glu-NH2,Gly ,Val,Tyr. Aspartic 
acid, serine, and other trace components present in the crude 
fraction were absent from the purified material. One of the 
glutamic acid residues of Peptide O-C-XI is apparently in the 
amide form since the peptide is neutral. 

Fraction XIV—This fraction was considered to be a single 
peptide based on the amino acid analysis. Desalting was ac- 
complished by Procedure B. The purity of the peptide was 
confirmed after electrophoresis at pH 6.5 for 3 hours followed by 
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chromatography for 18} hours. A basic peptide which had 
moved 60 mm to the cathode and 32 mm after chromatography 
had a blue-gray ninhydrin color which turned blue with time. 
The composition of the peptide is: Lys, Arg, Asp , Thr, Gluz, Pro,- 
Gly ,Ala2, Vale, Tyr; this was confirmed by the sequence studies 
reported elsewhere (3). Inasmuch as two basic and three acidic 
residues are present, two of the acidic residues are presumably 
present as amides to produce a net positive charge for the peptide, 

Fraction XV—The fraction was desalted by Procedure C, 
After electrophoresis and chromatography on paper, three neutral 
components were found which could be separated by chroma- 
tography. After preparative paper chromatography for 23 
hours, guide strips were sprayed with the ninhydrin and the 
Sakaguchi reagent. The three bands were eluted separately with 
dilute acetic acid and taken to dryness by freeze-drying. Band 
A, which moved 215 mm, was yellow after ninhydrin spraying 
and turned gray with time; it gave a negative Sakaguchi test. 
Only glycine and tyrosine were present which indicates the 
sequence Gly.Tyr; the quantitative analysis of this purified 
fraction is given in Table II. The amounts of Bands B (at 140 
mm) and C (at 95 mm) were too low to permit further study. 

Fraction XVII—Desalting was performed by Procedure A. 
Although the analysis of the crude fraction given in Table II 
indicates a high level of impurities, only a single basic component 
was found after electrophoresis and chromatography on paper. 
The peptide moved 63 mm after electrophoresis and 203 mm after 
chromatography in 24 hours. Presumably the desalting pro- 
cedure had effected a purification of the major peptide. Con- 
firmation of the purity and composition of the peptide 
was obtained by end group and sequence studies (4). 
Since the peptide is basic, an asparaginy] residue is present. Its 
composition is: Arg, Asp-NH2,Thr, Pro, Tyr. 

Fraction XX—Analysis of the crude fraction indicated the 
presence of a mixture of peptides. After desalting by Procedure 
C, an aliquot was submitted to a two-dimensional separation by 
electrophoresis at pH 6.5 for 3 hours followed by chromatography 
for 19 hours. The two major basic components were positive 
both in the ninhydrin and Sakaguchi tests. A third component 
was present in trace amount. 

Purification on a preparative scale made use of paper chroma- 
tography. Band A moved 20 mm and Band B 260 mm in 18 
hours. The separated bands were eluted with water and taken 
to dryness by freeze-drying. The quantitative composition of 
the purified peptides is given in Table IT. 


O-C-XXA: Lys, Arg, CySO;H, Ser, Glu, Pro,Gly, Tyr 
O-C-XXB: Arg,Glye, leu, Phe 


DISCUSSION 


It is apparent that the digestion of oxidized papain by chymo- 
trypsin reached completion after 22 hours with the scission of 
approximately 26 peptide bonds. This was estimated by as- 
suming that the average pK’ of the liberated amino groups is 
7.8 and by calculation from the total base consumed. Chymo- 
trypsin would be expected to hydrolyze at the 17 tyrosine, 4 
phenylalanine, and 10 leucine bonds, and possibly more weakly 
at other bonds, as judged from the composition of papain (25). 
In the case of the five oxidized tryptophan residues no evidence 


More recent analyses indicate that papain contains 185 resi- 
dues rather than 180 as reported earlier (25). There are 10 leu- 
cine residues present in the protein. 
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was found for hydrolysis at such bonds by chymotrypsin. Al- 
though this enzyme can also act at bonds involving methionine 
(26), this amino acid is not present in papain (25). 

At the conclusion of the chymotryptic digestion, formic acid 
was added to acidify the reaction mixture. It is interesting to 
note that a precipitate formed, as previously observed with the 
tryptic digestion of oxidized papain (27). This may be due to 
the presence of large peptides that are insoluble at acidic pH 
values. It would be expected, therefore, that the yields of some 
of the soluble peptides might be affected and that some would 
be found in very low yield. 

The procedure for column chromatography of peptides de- 
scribed by Hirs et al. (10) permitted a large scale separation to 
be made of the soluble fraction of the digestion mixture. It is 
evident from the effluent curve revealed by ninhydrin analysis 
that many of the peaks are well separated and represent peptides 
of high purity. It is also apparent from the work presented 
above that several fractions required further purification. 

The increase in ninhydrin color after alkaline hydrolysis pro- 
vided an approximate estimate of the size of the peptide. Peak 
X showed a very large increase in ninhydrin color and the amino 
acid composition of the two separated peptides indicated the 
presence of 25 and 33 residues, respectively. On the other hand, 
Peaks II and XII did not reveal any increase in ninhydrin color 
after hydrolysis and probably represented free amino acids or a 
mixture of very small peptides in low yield. Peak IV was ob- 
served only after alkaline hydrolysis. The large peak directly 
preceding Peak IV was apparently due to ammonia since no 
color was found after treatment with alkali. 

The yields of the peptide fractions were calculated from the 
one residue figure used for the determination of the molar ratios. 
Since 48 umoles of oxidized papain were digested, the yields of 
most of the peptides varied between 12 to 57%. No corrections 
were made for losses in handling or in pooling only the major 
part of each peak. Hence the yield figures must be considered 
as minimal values. The yields appear to be reasonably satis- 
factory for the chymotryptic digestion of an oxidized protein as 
judged, for example, by the comparable results obtained with 
oxidized ribonuclease (28) and with glucagon (29). 

The number of residues present in each peptide is indicated in 
Table II. Other amino acids present as contaminants were at a 
low level and were clearly not components of the major fraction. 
The compositions of Peptides I, III, IV, V, VI, VII, VIII, IX, 
XI, XIV, XV, and XVII were clearly evident from the analysis. 
Fraction IV contained free serine as an impurity, whereas Frac- 
tion VIII contained free glutamic acid. Several of the peptides 
had a molar ratio for tyrosine lower than one. Formation of 
chlorotyrosine during the performic acid oxidation and hydrolysis 
(30), as well as partial destruction during acid hydrolysis (31), 
would cause these lower values. 

Fraction X contained two large peptides and the presence of 
several unique residues makes this an interesting situation. 
Examination of the composition of the two peptides reveals that 
the amino acid residues found in XA can uniquely fit the com- 
position of XB. The only exception is the presence of an extra 
half residue of alanine in Fraction A which is due apparently to 
error in the analysis. In addition to accounting for 33 residues 
the peptides immediately provide several helpful findings. It is 
now known? that papain contains two histidine residues rather 
than one, as reported earlier (25). The second histidine residue 
has been found in a sequence adjacent to an isoleucine residue 
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(32).2, Inasmuch as neither O-C-XA nor O-C-XB contains 
isoleucine, it is evident that XA and XB must contain portions 
of the same sequence. It is also apparent that this situation 
could have arisen only as a result of incomplete digestion of the 
oxidized papain. Moreover, it is now known from other studies 
that the eight additional residues present in Peptide XB extend 
at the carboxyl-terminal end of Peptide XA (32).2. The presence 
of the histidine residue and of these overlapping large peptides 
should prove to be of considerable help in providing additional 
overlaps with other peptides. 

Oxidized papain contains six residues of cysteic acid and Frac- 
tion X contains two of these. Two additional residues of cysteic 
acid were found, one each in Peptide I and Peptide XXA. The 
residues that are missing may be either in the peptide fraction 
that remained on the Dowex 50 resin after the chromatography 
or in the insoluble fraction which still remains to be studied. 

Papain contains four phenylalanine residues (25) and peptides 
containing three of these were found in the fractions reported 
above. It is obvious that the uniqueness of each phenylalanine- 
containing peptide will be extremely useful in finding overlaps 
with peptides derived from the tryptic hydrolysis of papain (4). 

In agreement with the known specificity of action of chymo- 
trypsin on both synthetic substrates as well as on proteins, each 
peptide examined had a known point of splitting, 7.e. ‘a tyrosine, 
phenylalanine, or leucine residue. The proteolytic coefficient is 
greater for tyrosine than for leucine (33) and this can be seen in 
Peptides I and X which contain both residues. Presumably, 
the tyrosine is the carboxyl-terminal residue in these cases. 
Peptide IV lacks an aromatic residue and it is likely, therefore, 
that a leucine residue is carboxyl-terminal. 

A comparison of the total number of amino acids recovered 
in the purified peptides with the number of amino acids found 
in oxidized papain shows a recovery of 117 residues out of a 
possible 185 (Peptide XA is not included in this summation). 
Papain contains five tryptophan residues and only one trypto- 
phan residue was found, the one in Peptide XB. With this ex- 
ception there was no evidence for the occurrence of tryptophan 
or a derivative in other peptides. The recovery of tyrosine, as 
well as of phenylalanine and leucine, was low and this is in agree- 
ment with the view that several peptides remained on the resin 
or were part of the insoluble fraction remaining after digestion. 
It is clear, by the present procedures, i.e. digestion of oxidized 
papain and resolution of the digest on Dowex 50, that a complete 
recovery of all amino acids cannot be obtained. Other methods 
are obviously required to obtain peptides accounting for the 
complete composition of this protein. This will require either 
resolution of the digest of the oxidized protein by methods other 
than the use of Dowex 50 or the use of other susceptible deriva- 
tives of papain. Such studies are currently in progress. 


SUMMARY 


Chymotryptic digestion of performic acid-oxidized papain 
liberated approximately 27 peptides. The soluble peptides were 
fractionated by gradient elution chromatography on columns of 
Dowex 50-X2 followed, when necessary, by further purification 
with paper chromatography or electrophoresis. The yield of the 
peptides varied from 12 to 57%. Desalting was accomplished 
on ion exchange resins. The peptides were examined for purity 
by chromatography and electrophoresis as well as by quantitative 
amino acid analysis. In many cases the amide distribution could 
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be assigned tentatively from the behavior of the peptide on elec- 
trophoresis. 

Of the 185 amino acid residues found in papain, 117 residues 
were accounted for in peptides obtained after the fractionation of 
the digest. The insoluble residue which resulted from acidifica- 
tion of the digest and a fraction strongly adsorbed on the Dowex 
50 undoubtedly account for the remaining residues. Peptides 
containing amino acids occurring infrequently in papain will aid 
greatly in providing unique overlaps with corresponding tryptic 
fragments. In this respect, it should be emphasized that one of 
the two histidine residues was found, three of the four phenylal- 
anines, four cysteic residues out of six, and one of the five tryp- 
tophans. The histidine residue was found in two peptides of 
different size and the uniqueness of the composition as well as 
other evidence indicates that the smaller of the two peptides is 
a degradation product of the larger. This particular peptide 
contains 33 residues and, in addition to the histidine, contains a 
tryptophan and two cysteic acid residues. 


REFERENCES 


1. Lieut, A., anD Situ, E. L., Federation Proc., 18, 274 (1959). 

2. Smitu, E. L., Hux, R. L., anp KimMEt, J. R., in A. NEUBERGER 
(Editor), Symposium on protein structure, John Wiley and 
Sons, Inc., New York, 1958, p. 182. 

3. Lieut, A., AND Situ, E. L., J. Biol. Chem., 235, 3151 
(1960). 

4. Lieut, A., Guazer, A. N., ano Situ, E. L., J. Biol. Chem., 
235, 3159 (1960). 

5. Kimme., J. R., anp Smitu, E. L., J. Biol. Chem., 207, 515 
(1954). 

6. Sancer, F., Biochem. J., 44, 126 (1949). 

7. MuELuER, J. M., Prerce, J.G., Davoi., H., anD pu VIGNEAUD, 
V., J. Biol. Chem., 191, 309 (1951). 

8. Smitu, E. L., Kimmen, J. R., anp Lieut, A., Biochim. et Bio- 
phys. Acta, 32, 561 (1959). 

9. Kimme., J. R., THompson, E. O. P., anp Smita, E. L., J. 


Biol. Chem., 217, 151 (1955). 


Chymotryptic Digest of Papain. I 


10. 


ti. 


12. 
13. 


14. 
15. 
16. 
17. 
18. 
19. 


20. 
21. 


22. 


23. 


24. 


25. 


26. 
27. 


28. 


32. 
33. 


Vol. 235, No. 11 


Hirs, C. H. W., Moore, S., anp Stein, W. H., J. Biol. Chem., 
219, 623 (1956). 

Mookrg, 8., Spackman, D. H., anp Stein, W. H., Anal. Chem., 
30, 1185 (1958). 

Moors, S., anp Stein, W. H., J. Biol. Chem., 211, 893 (1954). 

Kimme., J. R., anp Situ, E. L., Bull. soc. chim. biol., 40, 
2049 (1958). 

SpackMaN, D. H., Stern, W. H., anp Moore, S., Anal. Chem., 
30, 1190 (1958). 

Drxon, H. B. F., anp Stacx-Dunng, M. P., Biochem. J., 61, 
483 (1955). 

Acuer, R., Licut, A., aND pu VIGNEaAUvD, V., J. Biol. Chem., 
233, 116 (1958). 

PARTRIDGE, S. M., Nature (London), 169, 496 (1952). 

IncraM, V. M., Biochim. et Biophys. Acta, 28, 539 (1958). 

Ryzg, A. P., Saneer, F., Smits, L. F., anp Krrat, R., Biochem. 
J., 60, 541 (1955). 

Levy, A. L., Anal. Chem., 25, 396 (1953). 

AcHER, R., aND CrockER, C., Biochim. et Biophys. Acta, 9, 
704 (1952). 

Buiock, R. J., Durrum, E. L., anp Zweie, G. A., Manual of 
paper chromatography and paper electrophoresis, 2nd edition, 
Academic Press, Inc., New York, 1958. 

Situ, I., Nature (London), 171, 43 (1953). 

Lowry, C. H., RosrsrovueGn, N.J., Farr, A. L., anD RANDALL, 
R. J., J. Biol. Chem., 193, 265 (1951). 

Smita, E. L., Stockett, A., aND Kime, J. R., J. Biol. 
Chem., 207, 551 (1954). 

KaurMaN, S8., AND NEURATH, H., Arch. Biochem., 21, 437 (1949). 

KimMgEL, J. R., Ligut, A., Patva, A. C. M., anp Karo, G. K., 
Federation Proc., 17, 254 (1958). 

Hirs, C. H. W., Stein, W. H., anp Moore, S., J. Biol. Chem., 
221, 151 (1956). 


. Bromer, W. W., Sinn, L. G., aNnD BreHReEns, O. K., J. Am. 


Chem. Soc., 79, 2798 (1957). 


. THompson, E. O. P., Biochim. et Biophys. Acta, 15, 440 (1954). 
. Hirs, C. H. W., Stern, W. H., anp Moore, S., J. Biol. Chem., 


211, 941 (1954). 
Lieut, A., AND Smitu, E. L., Federation Proc., 19, 341 (1960). 
Nevuratu, H., anp ScHweErt, G. W., Chem. Rev., 46, 69 (1950). 


II 





XUM 


. 11 


hem., 


954). 
,, 40, 


hem., 
mS 


hem., 


Le 
chem. 
ta, 9, 
ual of 
‘ition, 
IDALL, 


Biol. 


(1949). 


Gt. see 
Them., 
', Am, 


(1954). 
Chem., 


(1960). 
(1950). 





Tue JOURNAL oF BrioLtoGicaL CHEMISTRY 
Vol. 235, No. 11, November 1960 
Printed in U.S.A. 


Chymotryptic Digest of Papain 


II. AMINO-TERMINAL SEQUENCE AND OTHER MAJOR PEPTIDES FROM THE OXIDIZED PROTEIN* 


ALBERT LiGHT AND Emit L. Smita 


From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the Departments of Biological Chemistry 
and Medicine, University of Utah College of Medicine, Salt Lake City, Utah 


(Received for publication, May 19, 1960) 


In the preceding paper (2), the isolation and composition of a 
number of peptides obtained from a chymotryptic digest of 
oxidized papain were described. In this communication we wish 
to report the determination of the amino acid sequences of five 
of these peptides which comprise 45 of the 185 residues in the 
protein. One of these peptides containing 11 residues has been 
identified as representing the amino-terminal sequence of the 
protein. 

In an earlier study by Thompson (3), who used the dinitro- 
phenyl method, the amino-terminal tripeptide sequence of papain 
was identified as Ileu.Pro.Glu. Because of the failure to iden- 
tify larger peptides by the dinitrophenyl method, we have re- 
investigated the amino-terminal sequence of the intact protein 
with the phenylisothiocyanate method. These studies have 
permitted the determination of the initial seven residues of the 
amino-terminal sequence of papain. 


EXPERIMENTAL PROCEDURE 


Amino-Terminal Sequence of Papain 


Materials and Methods—Recrystallized papain (4) with a 
proteolytic coefficient of 1.4 was treated with 10% trichloroacetic 
acid to inactivate the enzyme and to remove any bound amino 
acids and peptides. Three grams of papain, suspended in 150 
ml of 2% NaCl, were diluted with 100 ml of water and precipi- 
tated by the addition of 250 ml of 20% trichloroacetic acid. After 
stirring for several minutes the sample was allowed to remain 
in the cold room for 1 hour and then centrifuged. The precipi- 
tate was washed thoroughly with four portions of 100 ml of 10% 
trichloroacetic acid. Excess trichloroacetic acid was removed 
by washing 3 times with absolute alcohol followed by the same 
number of washes with peroxide-free ether. Essentially a 
quantitative recovery of the sample was obtained and the air- 
dried sample was a white powder insoluble in water or 0.1 M 
pyridine, but soluble in 2 N NH,OH or 3 m urea. A sample (1 
mg) of the trichloroacetic acid-precipitated papain was tested 
for activity with 0.05 m benzoyl-L-argininamide as substrate by 
the ninhydrin method (5) and proved to be devoid of activity. 

Paper strips (1.5 X 6 cm) were cut from Whatman No. 1 
chromatography paper. The top of the paper strip was sus- 
pended from a glass frame during the reactions. Purified ben- 


* This investigation was aided by grants from the National 
Institutes of Health, United States Public Health Service and 
from the Rockefeller Foundation. A preliminary account of a 
part of this work has been presented (1). 


zene, peroxide-free ether, and a solution of 20% phenylisothio- 
cyanate in redistilled dioxane were used as described below. 

Procedure and Results—Although the procedure is based on 
the method of Fraenkel-Conrat (6), as described by Harris and 
Roos (7), certain modifications made with this insoluble sample 
merit a brief description of the procedure. A solution of 20 mg 
of the denatured papain in 0.4 ml of 6 m urea was evenly applied 
to the two paper strips. After the papers dried, they were wet- 
ted with a 20% solution of phenylisothiocyanate and immediately 
placed in a jar with the bottom containing 20 ml of pyridine- 
water (1:1). When the reaction had proceeded for 3 hours at 
40°, excess pyridine was removed from the paper in an evacuated 
desiccator over NaOH and H.SQ,. The strips were washed with 
3 portions of 10 ml of benzene followed by 5 portions of 10 ml of 
absolute alcohol-ether (1:1) as described by Harris and Roos 
(7). The extractions removed excess reagent and, in addition, 
the urea that was required to solubilize the sample. Cyclization 
over glacial acetic acid and 6 N HCl in an evacuated desiccator 
lasted 8 hours at room temperature with the strips suspended 
freely from a glass supporting frame. Excess acid was removed 
from the paper by a brief evacuation in a desiccator over NaOH 
and H.SO,. Extraction with two portions (40 ml) of alcohol- 
ether yielded the phenylthiohydantoin derivative which was ex- 
amined by paper chromatography with the solvent systems de- 
scribed by Sjéquist (8) and by Edman and Sjéquist (9). The 
above procedure for the coupling and cyclization reactions was 
repeated for seven stages of degradation. The results are given 
in Table I! 

The results obtained by paper chromatography at each stage 
of degradation permitted identification of the residue. After 
the first stage, more than one spot was always found. The 
phenylthiohydantoin derivative of the residue previously liber- 
ated as well as that of the next residue were usually found in low 
yield, after the second stage. Additional spots were sometimes 
found but these were clearly artifacts as shown by chromatog- 
raphy in several solvent systems. Furthermore, the use of 
solvent systems which permitted examination of the developed 
chromatogram in ultraviolet light aided greatly in the identifica- 
tion of the residue, and excluded from consideration artifacts that 
were present only after spraying with the iodine-azide reagent. 

The findings of Table I permit the identification of the first 


1 Dr. R. L. Hill of this laboratory has performed a similar ex- 
periment with papain through six stages of the Edman procedure. 
His results are in complete agreement with the sequence given 
above. 
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TABLE I 

PTH-amino acids liberated by Edman degradation of papain 
Step Principal PTH-residue Minor spots Solvent systems 

1 Tleu A, F 

2 Pro Gly ,Glu-NH, A, F 

3 Glu,Glu-NH, Pro,Gly A, E, F 

+ Ser Asp-NH, A,F 

5 Asp, Asp-NH; Val A, F 

6 Val Asp A,F 

- Ser Val A, F 














seven residues of the single peptide chain of papain as: Ileu. Pro. 
Glu-NH2.Ser.Asp-NH2. Val.Ser. . .? 


Methods for Study of Peptide Sequence 

Enzymic Degradation—Crystalline carboxypeptidase obtained 
as a suspension from Worthington Biochemical Corporation was 
treated as described by Fraenkel-Conrat et al. (10) to inactivate 
contaminating pancreatic enzymes and to remove traces of free 
amino acids. About 60 mg of the suspension were dissolved in 
1 ml of 10% lithium chloride and treated with 0.2 ml of 0.1 u 
diisopropyl fluorophosphate in isopropanol. The enzyme was 
recrystallized by exhaustive dialysis of the treated sample. The 
enzyme concentration was determined by a turbidimetric pro- 
cedure (4) or spectrophotometrically from the value of E1% = 23 
(11). 

Digestion of a peptide with carboxypeptidase was usually 
performed as follows. An aliquot of the peptide (0.1 to 1 umole) 
was dissolved in 0.05 m trimethylamine-acetate buffer at pH 
7.8 to 8.0. The enzyme suspension was added so that it was 
present to the extent of 2% of the substrate on a molar basis. 
The final volume was adjusted with buffer to 2.5 ml. After the 
digestion, the reaction was stopped by the addition of 0.1 ml of 
glacial acetic acid and the digest was evaporated to dryness. 
Aliquots of the solution were examined by paper chromatography 
or by quantitative amino acid analysis on Dowex 50. 

Tryptic digestion of a peptide was performed in 0.05  tri- 
methylamine-acetate buffer at pH 7.8. Crystalline trypsin 
(Worthington Biochemical Corporation, trichloroacetic acid pre- 
cipitated) was added as a solid in an amount equivalent to 2% 
of the substrate on a molar basis. The solution was diluted to 
2 ml with buffer and was kept at room temperature for 15 to 24 
hours. The reaction was stopped by the addition of 0.1 ml of 
glacial acetic acid and the digest taken to dryness in a vacuum 
over NaOH and concentrated H.SO,. 

Crystalline papain or mercuripapain, used for the degradation 
of peptides, was prepared by the procedure of Kimmel and Smith 
(4), and activation was accomplished with a 0.1 m solution of 
sodium cyanide adjusted to pH 6. The peptide was treated 
with enzyme (2 to 7% on a molar basis) in 2.5 ml of cyanide 
solution for 18 hours either at room temperature or at 39°. The 
digest was evaporated to dryness in a vacuum. 

The digestion of a peptide by a proteolytic enzyme was oc- 
casionally followed during the incubation by ninhydrin analysis. 
An aliquot (0.01 to 0.025 ml) of the digest was added to 1 ml of 


2 The identification of such a sequence by a nonquantitative 
procedure inevitably raises questions as to its reliability, and 
more particularly, with the assignment of Peptide O-C-III to 
the amino-terminal end of the protein (see below). This will be 
treated further in the “Discussion”. 


Chymotryptic Digest of Papain. IT 


Vol. 235, No. 11 


4 m acetate buffer at pH 5.5. Hydrolysis was estimated with 
the ninhydrin reagent of Moore and Stein (12). The number of 
bonds split was estimated by using a solution of leucine as a 
standard. 

Amino-terminal End Group Analysis—The fluorodinitroben- 
zene procedure of Sanger (13) was performed by the methods 
described for peptides by Fraenkel-Conrat et al. (10). In several 
cases the end group determination was used on the sample before 
desalting and the modified procedure is described below for the 
individual peptides. Identification of the DNP*-amino acids 
was made by paper chromatography with the ¢ert-amy] alcohol- 
pH 6 phthalate system of Blackburn and Lowther (14) and with 
the 1 m citrate buffer as described by Rovery and Fabre (15). 

Sequential degradation at the amino terminus of a peptide 
was made by the Edman procedure (10). Variations in pro- 
cedure and technique are described below for individual peptides. 
The phenylthiohydantoin derivatives of the amino acids were 
identified after paper chromatography as described above. 
Whatman No. 1 paper was used, and the spots were visualized 
after spraying with the iodine-azide reagent. Prior treatment 
of the paper with starch was unnecessary. In some instances 
the identification of the liberated residue was confirmed by 
quantitative amino acid analysis on an aliquot of the peptide 
residue. 

High Voltage Paper Electrophoresis and Chromatography—Paper 
electrophoresis was performed in pyridine-acetate buffers at pH 
3.6 or at pH 6.5, prepared as described by Ryle et al. (16). Sheets 
of Whatman No. 3MM paper were used either as strips 6 to 10 
inches wide or cut in the manner described by Ingram (17) for 
the two-dimensional separation. Electrophoresis was performed 
for 3 hours at an initial voltage of 1000. Preparative chromatog- 
raphy of peptides was performed on Whatman No. 3MM paper. 

In many cases the amide distribution of a peptide could be 
tentatively assigned on the basis of its electrophoretic mobility 
at pH 6.5. Movement of 0 to 20 mm toward the cathode is due 
to electroendosmotic flow rather than to a net positive charge 
on the peptide. 

Paper chromatography was performed with butanol-acetic 
acid-water (200:30:75) for 15 to 24 hours. In the two-dimen- 
sional separation, paper electrophoresis constituted the first 
dimension followed by chromatography in the second dimension 
as described in the preceding paper (2). When the two-dimen- 
sional method was used for preparative purposes, several sheets 
were used in order to isolate sufficient material for further studies. 
In such cases, the peptides were revealed by spraying the paper 
with 0.025% ninhydrin in ethanol, excised, and washed with 
acetone before eluting with water (18). In preparative separa- 
tions in which the sample was applied across the width of the 
paper, strips were cut from both edges and, after spraying with 
ninhydrin-collidine (19), these were used as markers for cutting 
the individual peptide bands. Elution from the paper strips 
was accomplished by descending chromatography with water 
or dilute acetic acid as solvent. Usually an overnight elution 
was required, and the sample was taken to dryness by freeze- 
drying. 

Amino Acid Analysis of Peptide Fractions—Samples were hy- 
drolyzed in sealed capillary tubes with 3 times glass-distilled 
6 N HCl at 110° when qualitative identification or quantitative 
estimation of the amino acids was required. Hydrolysates were 


’The abbreviations used are: DNP, dinitrophenyl; PTH 


phenylthiohydantoin. 
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taken to dryness in a rotary evaporator and the evaporation 
repeated after adding a small volume of water. 

Amino acid analyses were performed on columns of Amber- 
lite-IR-120 by the procedure of Spackman et al. (20) with the 
automatic amino acid analyzer manufactured by Spinco. The 
precision of analysis was 5% or better and peaks corresponding 
to 0.03 umole constituted the lower limit. The analytical data 
are reported as molar ratios for the amino acids. No corrections 
were applied for the destruction of individual amino acids during 
hydrolysis. 

Nomenclature—Each peptide is identified by the same system 
and number as given earlier (2), e.g. Peptide O-C-III is derived 
from oxidized (O) papain by chymotryptic (C) digestion. Sub- 
fractions of this or other peptides obtained by further degrada- 
tion are identified by arabic numbers. 


Peptide O-C-III: Tleu. Pro.Glu-NH2. Ser. Asp-NH2. 
Val. Ser. Ala.Gly.Val.Leu 


Edman Degradation—The reaction was performed on a sample 
before desalting. An aliquot corresponding to 2.7 uwmoles was 
evaporated to dryness and dissolved in 10 ml of 50% dioxane. 
After adjusting to pH 8 with NaOH and adding 0.1 ml of phenyl- 
isothiocyanate, the reaction was maintained at pH 9 for 2 hours. 
Excess reagent was removed by repeated extraction with ben- 
zene. The phenylthiocarbamyl-peptide was extracted with ethyl 
acetate after acidification of the solution. Only traces of salt 
were present in the dried sample containing the phenylthiocar- 
bamyl-peptide. Although the derivative was separated from 
the salt cake, the yield was low but sufficient for degradation of 
the first two residues. 

In the first stage, cyclization with 3 Nn HCl was performed for 
6 hours and, for the second stage, 17 hours. PTH-isoleucine 
was identified as the first residue after paper chromatography 
with solvent System F. After the second stage of degradation, 
PTH-proline was identified by paper chromatography with sol- 
vent System D. An attempt to degrade the peptide a third 
time resulted in the appearance of multiple spots on the chroma- 
togram. The presence of two serine residues in the intact peptide 
and the known lability of peptide bonds involving this amino 
acid in HCl may explain the presence of several end groups during 
the third stage of the reaction. 

It is evident that the Edman degradation on Peptide O-C-III 
was less successful than the similar study on intact papain. It 
may be noted, however, that a more drastic cyclization procedure 
was used on the peptide and this probably contributed to more 
random cleavage. In addition, the intact protein was adsorbed 
to paper and in this state may be more stable at its amino- 
terminal region than a peptide, such as O-C-III, which is soluble 
during the reactions at the several steps of treatment. 

Carboxypeptidase Digestion—A sample (0.1 umole) of desalted 
peptide was incubated with 0.0075 umole of enzyme at pH 7.8 
for 23 hours. Paper chromatography of the digest showed that 
valine and leucine were present in high yield whereas glycine was 
present in much lower amounts. Since chymotrypsin can hy- 
drolyze at leucine residues and this is almost certainly carboxy]l- 
terminal in the peptide, the sequence at the carboxyl terminus 
must be Gly. Val. Leu. 

Papain Digestion—An aliquot (3 wmoles) of the peptide was 
digested with 0.15 umole of papain in the presence of cyanide at 
pH 6. After 18 hours-at 25°, the digest was separated on paper 
by the two-dimensional procedure. The electrophoresis was 
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TaBLeE II 
Composition of major fractions after papain 
digestion of Peptide O-C-III 
The peptides were separated on four sheets of Whatman No. 
3MM paper in a stacked procedure. One sheet was laid on top 
of another for the electrophoresis at pH 3.6. To limit the current 
flow the buffer was diluted with an equal volume of water. The 
position of the peptides is indicated as the distance from the 


origin. The negative sign for the mobility indicates movement 
toward the cathode. 

















’ 1 horetic| Chromato- Nee 
Peptide E a _ ' Composition 
mm mm 

Pa-l 0 285 (Ser, Ala,Gly) and (Leu) 

Pa-2 —30 252 (Ser, Ala) and (Ileu) 

Pa-3 —21 140 (Ileu, Pro, Glu-NH2,Serz, - 
Asp-NHa2, Val, Ala, Gly) 

Pa-4 —20 95 (Pro, Glu-NH:2,Ser2, Asp- 
NHz, Val) 





performed at pH 3.6. The spots were revealed after spraying 
with dilute ninhydrin solution and the peptides were eluted with 
dilute acetic acid. The composition of the fractions was deter- 
mined qualitatively and the results are presented in Table II. 

The degree of separation obtained for Peptides Pa-1 and Pa-2 
from adjacent components was not entirely satisfactory. The 
composition of Pa-1 indicated that serine, alanine, and glycine 
were present in equal amount, leucine was found in much lower 
yield. It was assumed, therefore, that the major component 
was the tripeptide contaminated with a small amount of free 
leucine. Similarly, Pa-2 contained, after hydrolysis, equal 
amounts of serine and alanine and a lesser amount of isoleucine. 
Therefore, the major component was the dipeptide containing 
serine and alanine. 

Peptide Pa-3 is the original peptide minus the carboxyl-ter- 
minal valine and leucine. Since carboxypeptidase digestion of 
the intact peptide indicated that the sole glycine residue joins 
the terminal Val. Leu, the tripeptide composition of peptide Pa-1 
indicates that serine and alanine are adjacent to the glycine 
residue. The expected dipeptide, Val.Leu, was not found and 
presumably ran off the paper during chromatography. 

Peptide Pa-4 was degraded with carboxypeptidase. A two- 
dimensional separation of the digest showed a strong spot for 
serine and a weak spot for valine indicating the sequence Val. 
Ser. A neutral component staining yellow was present on the 
paper chromatogram and represented the peptide residue. This 
was eluted from the paper and degraded by the Edman proce- 
dure. The dried sample was dissolved in 1 ml of 50% pyridine 
and 0.05 ml of phenylisothiocyanate and 0.01 ml of 25% tri- 
methylamine added. After stirring for 5 hours, excess reagent 
was removed by continuous extraction with benzene. Cyclization 
with 1 ml of 3 N HCl lasted for 3 hours. PTH-proline was de- 
tected after paper chromatography in solvent System F. After 
the second stage of degradation, PTH-glutamine and a smaller 
amount of PTH-glutamic acid were found after chromatography 
in solvent Systems A and F. 

Information on the sequence of Peptide O-C-III is summarized 
in Table III. It may be noted that this peptide is neutral and 
hence the dicarboxylic acid residues are present in amide form 
(2). Indeed these amides were identified in the study of intact 
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TaBLe III C 
Summary of information for sequence of Peptide O-C-III pep’ 
EN oon oo 5d a ct prormceecvreverwse-wid Sate Ileu. Pro en 
I orcs ccc osc coces cc cok cysts cancer: Gly. Val. Leu foul 
Papain digestion: 
Seer eee et 82 He ts eianatqe rio odd ad (Ser, Ala)Gly aw 
ee otitlsmeyierteby henge ait hth ye ated aie Bertety. (Ser, Ala) _— 
(ia cate ap ly pl ae dane baneeamaaed weg a a Bee oe (Ileu , Pro, Glu-NH:,Ser, Asp-NHz, Val, Ser, Ala, Gly) =s 
ee REMMI OCs AAG me Seen (Pro,Glu-NHz, Ser, Asp-NHz, Val, Ser) carl 
Na art oe ee at na ee Pro.Glu-NH; ocet 
EI EE ee ee a Val .Ser oth 
UM NU TLU1O Cis 5 wie 6 vidse'0e vine PEWPTS aco bee wanton leu. Pro. Glu-NH:2. Ser. Asp-NH:. Val. Ser pep 
I eee hs .aerg cee a vie stedorhe basaestaemence Tleu. Pro. Glu-NH2. Ser. Asp-NH2. Val.Ser. Ala. Gly. Val. Leu fror 
E 
TaBLe IV aspartic acid decreased appreciably in agreement with the find- = 
Composition of peptides obtained by papain digestion ing of this residue by direct identification. The trace amount ee 
of Peptide O-C-IV of serine was due to a contaminant. PTH-glutamic avid as well ms 
The position of the peptides is indicated as the distance from as a small amount of PTH-glutamine were found for the second — 
the origin. The positive sign for the mobility indicates move- residue after chromatography in solvent Systems A and F. The oa 
ment toward the anode. third stage of degradation showed the presence of PTH-glycine a 
Electro. |Chroma- as well as small amounts of PTH-glutamic acid in the same sol- pan 
Peptide | phoretic —" Composition vent systems as above. The presence of PTH-glutamic acid is | 
————) a indicative of incomplete cleavage at the second stage. After sets 
ia non the fourth stage, PTH-alanine and a small amount of PTH- a 
Pa-l 0 80 | (Asp-NH:,Glu-NH:,Gly,Ala) glycine were found in the two solvent systems. HC 
Pa-2 0 290 Leu Carboxypeptidase Digestion—One umole of peptide was incu- fre 
Pa-3 0 250 | (Asp-NH:2,Glu-NH:,Gly, Ala, Leu) bated with 0.03 umole of enzyme for 27 hours. The liberated ! 
Pa-4 +13 80 | (Asp,Glu,Gly) amino acids were dialyzed free from the denatured enzyme and ide 
analyzed quantitatively. The amount of leucine recovered was F 
1.3 umoles and of alanine, 0.115 umole. The sequence at the j 
TABLE V ; . ds : rat 
. : ; carboxyl terminus, Ala. Leu.Leu, is compatible with the above det 
Summary of information for sequence of Peptide O-C-IV data, particularly since no other free amino acids could be de- aft 
Edman  degrada- tected. of 
eng get Asp-NH:2.Glu-NH;.Gly. Ala Papain Degradation—One umole of peptide was incubated Va 
Carboxypeptidase. . Ala.Leu.Leu with 0.03 umole of papain in a cyanide solution at pH 6 for 18 PT 
Papain degrada- hours at 39°. Separation of the digest by electrophoresis and the 
tion: chromatography led to the isolation of four peptides with the 
~ pes PETE (Asp-NH:,Glu-NH:2, Gly, Ala) . properties and composition indicated in Table IV. (1 
iets sia 32 xtsed u : : a ; 
Oe (Asp-NH,.Glu-NHb, Gly. Ala.Leu) a The vere of Peptides Pa-l and Pa-3 indicated that both Ty 
icarboxylic amino acids were in the amide form. The fact that 
ee Se ee (Asp.Glu.Gly) a ‘dic i bably flecti f the lability of th to 
Sequence........... Asp-NH2.Glu-NH2.Gly. Ala. Leu. Leu 9 Sepa ec tndgstigdaengpeatir urate ade she 
amides with the loss of the amide groups occurring either during oe 
the incubation at pH 6 or during the subsequent purification. the 
papain. Since the composition and sequence of O-C-III is in The composition of the fragments arising from the papain the 
accord with the amino-terminal heptapeptide sequence of papain degradation indicates the following partial sequence: (Asp ,Glu, 
(see Discussion”) it is permissable to assign the residues in Gly)Ala(Leu, Leu) and is in accord with the results of the Edman 
positions 4 and 5 from the amino-terminal end of O-C-III from degradation. 
the study of intact papain. Table V summarizes the information for the sequence of Pep- 
tide O-C-IV. 
Peptide O-C-IV: Asp-N H2.Glu-NH:2.Gly. Ala. Leu. Leu ? 
Edman Degradation—An aliquot (1.2 ymoles) of the peptide Peptide O-C-X1: Glu.Gly. Val.Glu-NH2. Arg. Tyr - 
fraction was submitted to the Edman degradation with the cou- Dinitrophenylation—A sample corresponding to 0.6 umole of = 
pling and cyclization step performed at 39° for 2 hours and 1 peptide was dinitrophenylated and the derivative was hydrolyzed 
hour, respectively. The cyclization was accomplished with 0.1 ina sealed evacuated tube with 6 n HCl for 12 hours at 110°. , 
ml of glacial acetic acid-concentrated HCl (5:1) as described by DNP-glutamic acid was identified after paper chromatography _ 
Acher et al. (21). After the first stage, PTH-asparagine and a in the tert-amy!] alcohol-phthalate and the citrate systems. Ex- 
small amount of PTH-aspartic acid were detected by paper amination of the aqueous phase by chromatography in the bu- 
chromatography in solvent Systems A and F. Analysis of the  tanol-acetic acid system showed equal quantities of arginine, 
peptide residue provided the following molar ratios: Asp (0.24), glutamic acid, glycine, valine, and O-DNP-tyrosine. The 
Ser (0.10), Glu (1.0), Gly (0.99), Ala (0.91), Leu (1.81). The amino-terminal residue is clearly glutamic acid. oa 
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Carboxypeptidase Digestion—After incubation of 0.6 umole of 
peptide with 0.02 umole of carboxypeptidase at 39°, the digest 
was examined by the two-dimensional procedure. The only 
amino acid liberated was tyrosine. The peptide residue was 
found as a neutral component which chromatographed at half 
the distance of tyrosine. The neutrality of the residual peptide 
residue indicated that one of the two residues of glutamic acid 
is in the amide form. From a knowledge of the specificity of 
carboxypeptidase, the release of only the tyrosine residue would 
occur if arginine occupied the penultimate position. If any 
other residue in the peptide occurred in this position, carboxy- 
peptidase would be expected to release additional amino acids 
from further down the chain. 

Edman Degradation—An aliquot (1.2 umoles) was submitted 
to the Edman degradation by the procedure described by Acher 
et al. (21). The residue was dissolved in 0.1 ml of H.O, and the 
coupling was performed with 0.1 ml of a 1% solution of phenyl- 
isothiocyanate in pyridine. After the addition of 0.02 ml of 25% 
trimethylamine, the reaction was maintained at 39° for 2 hours. 
Excess reagent and pyridine were removed by five extractions 
with equal volumes of benzene. The sample was taken to dry- 
ness in a vacuum over KOH and paraffin. Cyclization was 
accomplished with 0.1 ml of a solution containing glacial acetic 
acid-concentrated HCl (5:1) at 39° for 1 hour. The sample, 
after evaporation to dryness, was dissolved in 0.5 ml of 0.01 N 
HCl and extracted three times with water-saturated peroxide- 
free ether. Both phases were taken to dryness in a vacuum. 

After the first stage of degradation, PTH-glutamic acid was 
identified by paper chromatography in solvent Systems A and 
F. Analysis of the peptide residue gave the following molar 
ratios: Glu (1.15), Gly (1.15), Val (0.96), Tyr (0.79), Arg (not 
determined). After the second stage PTH-glycine was identified 
after chromatography in Systems A and F. The molar ratios 
of the peptide residue were: Arg (0.79), Glu (1.1), Gly (0.44), 
Val (1.06), Tyr (0.79). After the third stage the sample of the 
PTH-amino acid was accidentally lost and the identification of 
the amino acid in this position was determined by analysis of the 
remainder of the peptide residue. The molar ratios were: Glu 
(1.0), Gly (0.38), Val (0.62), Tyr (0.32), Arg (not determined). 
Tyrosine was decreasing in amount at each stage and this is due 
to partial reactivity of the side chain. Furthermore, it was 
shown that tyrosine occupies the C-terminal position and could 
not represent the third position. Valine decreased 40% from 
the one residue value after the second stage and must occupy 
the third position in the peptide. 


TaBLe VI 
Composition of major fractions after papain 
digestion of Peptide O-C-XI 
The position of the peptides is indicated as the distance from 

















the origin. The sign for the mobility indicates the direction of 
movement. 
Electro- | Chromato- 
Peptide phoretic graphic Composition 
movement movement 
mm mm 
Pa-l —67 215 (Glu-NH2, Arg, Tyr) 
Pa-2 +47 212 (Glu, Gly, Val, Glu-NH_2) 
Pa-3 +84 168 (Glu, Gly) 
Pa-4 —10 145 (Glu, Gly, Val ,Glu-N Hp, Arg) 
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TaBLe VII 
Summary of sequence information for Peptide O-C-XI 

Dinitrophenylation....... Glu 
Edman degradation...... Glu.Gly. Val 
Carboxypeptidase........ Tyr 
Papain degradation: 

yt See eee Glu-NH:2, Arg, Tyr 

BO esc ccnaxadae ewes Glu, Gly, Val,Glu-NH; 

A ee errr e Glu, Gly 

ee ee eee Glu, Gly, Val,Glu-NH2, Arg 
Sequence.................| Glu.Gly.Val.Glu-NH2. Arg. Tyr 








TaBe VIII 


Composition of peptides obtained by trypsin 
digestion of Peptide O-C-XIV 
The position of the peptides is indicated as the distance from 








the origin. The negative sign for the mobility indicates move- 
ment toward the cathode. 
Electro- Chroma- 
Peptide phoretic tographic Composition 
movement movement 
mm mm 
T-1 —20 110 (Arg, Asp, Thr, Gly, Val) 
T-2 —20 230 ((Glu-NH2)2, Pro. Val. Tyr) 
T-3 —115 50 (Alas, Lys) 














Papain Digestion—Digestion of 0.2 umole of Peptide XI with 
0.015 umole of papain for 15 hours at 39° was followed by separa- 
tion of the digest by the two-dimensional procedure. The prop- 
erties and composition of the separated peptides are indicated in 
Table VI. 

Peptide Pa-1 was derived from the carboxyl-terminal position. 
Since the peptide is basic the glutamic acid residue next to the 
arginine is in the amide form. The other glutamic acid residue 
is in the free acid form as can be seen by the negative charge on 
Peptide Pa-3. The composition of the other peptides found in 
the digest supports the sequence information derived from the 
Edman degradation and is in agreement with the assignment of 
residues from the carboxypeptidase digestion. 

The results are summarized in Table VII. 


Peptide O-C-XIV: Ala. Ala.Lys.Thr.Val.Asp.Gly. 
Arg.Glu-NH2. Val.Glu-NH2.Pro.Tyr 


Edman Degradation—The peptide was degraded two stages by 
this procedure. The reaction with phenylisothiocyanate was 
performed at pH 8.8 for 4 hours, cyclization with 3 n HCl for 
43 hours. PTH-alanine was identified after paper chromatog- 
raphy in solvent Systems A and F and represented the amino- 
terminal residue of the peptide. After the second stage, paper 
chromatography of the phenylthiohydantoin residue showed 
spots agreeing with alanine and glycine controls; however, free 
alanine was identified as the second residue by paper chroma- 
tography after hydrolysis of the phenylthiohydantoin derivative 
with 6 n HCl. No free glycine could be detected. 

Carboxypeptidase Digestion—Incubation of 0.15 umole of pep- 
tide with 0.0075 umole of enzyme at pH 7.8 and 25° was carried 
out for 23 hours. Under these conditions only the intact pep- 
tide was found after separation by paper chromatography. 
When a larger aliquot representing 1 umole of peptide was 
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TaBLe IX 
Summary of information for the sequence of Peptide O-C-XIV 





ee SE COPE Ala. Ala 

SII 65 cco. ha Vccacied wiles ceciee cc yuatap 

SR reds Fe NOT Bhai oie wetvac ucla ys ¥c.6n.coaee Ala. Ala. Lys 
PN os: ccahh Mces beds bn asic cet e bilewecucecces 

NI 50 onic urns vbw ewe Xe MRED eetab took eo ces aees 





Tyr 


Thr. Val. Asp. Gly. Arg 


(Glu-NH2. Val. Glu-NHe2. Pro)Tyr 
Glu-NH:2. Val. Glu-NH2 


Ala. Ala. Lys. Thr. Val. Asp. Gly. Arg. Glu-NHe. Val. Glu-NH2. Pro. Tyr 





TABLE X 
Peptides obtained by tryptic digestion of Peptide O-C-XXA 
The components were separated on four sheets of Whatman 
No. 3MM paper run in a stacked manner (see Table II). The 


plus or minus sign for the mobility indicates the direction of 
movement. 

















Electro- Chroma- 
Peptide phoretic tographic Composition 
movement movement 
mm mm 

T-1 +7 47 (CySO;H, Arg) 

T-2 —17 40 (Glu, Lys) 

T-3 —11 103 (Glu, Lys, Gly, Pro, Tyr) 
T-4 —13 228 (Gly, Pro, Tyr) 

T-5 —98 48 (Ser, Arg) 





digested with 0.05 umole of enzyme for 6 hours at 39°, tyrosine 
was identified after paper chromatography. No other residue 
was detected. This result would be expected if proline occupied 
the penultimate position (22). 

Trypsin Degradation—Incubation of 4.7 wmoles of peptide 
with 0.09 umole of trypsin at pH 7.3 was carried out for 24 hours 
at 25°. The enzyme was inactivated by boiling for 2 minutes. 
Separation of the peptide mixture was accomplished by a two- 
dimensional separation on paper. Equal aliquots were added 
to four sheets of Whatman No. 3MM paper. Electrophoresis 
at pH 6.5 with the buffer diluted with an equal volume of water 
was performed for 3 hours and was followed by chromatography 
for 20 hours. The peptides were detected by spraying with 
dilute ninhydrin solution and were eluted with 0.25% acetic acid. 
Three major components were found, one basic and two neutral. 
The amino acid composition was determined by quantitative 
analysis of the hydrolyzed fractions. This is given in Table 
VII. 

Two residues of alanine are present in Peptide O-C-XIV, and 
the Edman degradation indicated that the first two residues are 
alanine. Hence Peptide O-C-XIV-T-3 arose from the amino- 
terminal end of the intact peptide and its sequence is Ala. Ala. 
Lys. Peptide O-C-XIV-T-2 contains tyrosine and must repre- 
sent the carboxyl-terminal fragment of the intact peptide. Pep- 
tide O-C-XIV-T-1 must then occupy the central position of 
O-C-XIV. Peptide O-C-XIV-T-1 is identical in composition 
with Peptide O-T-XIV which was isolated from a tryptic digest 
of oxidized papain. Peptide O-T-XIV has the sequence: Thr. 
Val.Asp.Gly.Arg.4 Moreover, the behavior of Peptide O-C- 
XIV-T-1 after electrophoresis at pH 6.5 and chromatography 
in the butanol-acetic acid system is identical with O-T-XIV. 
Additional support for the above sequence was obtained by the 


4J.R. Kimmel, G. Kato, and E. L. Smith, in preparation. 


finding that threonine is the amino-terminal residue in Peptide 
O-C-XIV-T-1 by the Edman procedure. 

The sequence of Peptide O-C-XIV-T-2 was deduced from the 
Edman degradation. Approximately 0.4 umole of peptide was 
treated with phenylisothiocyanate at pH 8.8 for 15 minutes. 
Cyclization in 3 N HCl was performed for 17 hours. The first 
residue was identified as glutamic acid after hydrolysis of the 
phenylthiohydantoin residue with 6N HCl. Quantitative amino 
acid analysis of the peptide residue provided the following molar 
ratios: Glu (1.56), Pro (0.97), Val (1.01), Tyr (0.66). Glutamic 
acid decreased from a two-residue figure and tyrosine decreased 
as a result of the reactivity of the functional group. Since Pep- 
tide O-C-XIV-T-2 is neutral on electrophoresis at pH 6.5, both 
glutamic acid residues must exist as amides in this peptide. 
After the second stage of degradation PTH-valine was identified 
after paper chromatography in solvent System D. Confirma- 
tion was obtained by amino acid analysis of the peptide residue. 
Glu (0.96), Pro (1.04), Val (0.35), Tyr (0.29). After the third 
stage of degradation, PTH-glutamic acid was identified after 
paper chromatography in solvent Systems A and F. Insufficient 
sample remained to perform an analysis on the peptide residue. 

The evidence for the complete sequence of the tridecapeptide, 
O-C-XIV, is given in Table IX. 


Peptide O-C-X XA: CySO3H .Arg.Ser.Arg.Glu.Lys. 
Gly .Pro.Tyr 


Dinitrophenylation—Identification of the amino-terminal resi- 
due was accomplished by quantitative analysis of the amino acids 
in the aqueous solution after removal of the DNP-amino acid. 
The following molar ratios were obtained: Arg (1.89), Ser (0.96), 
Glu (0.89), Pro (1.04), Gly (1.07). The missing amino acids 
were cysteic acid, lysine, and tyrosine. Paper chromatography 
of the aqueous phase showed that lysine was present as e-DNP- 
lysine and tyrosine as O-DNP-tyrosine. It is evident that the 
amino-terminal residue is cysteic acid. 

Tryptic Digestion—Approximately 3 wmoles of peptide were 
incubated with 3.6 mg of trypsin at pH 7.8 in a volume of 2 ml. 
After 19 hours at room temperature, the reaction was stopped 
by the addition of 0.1 ml of glacial acetic acid and the sample 
taken to dryness by freeze-drying. The digest was separated 
on paper by the two-dimensional procedure. The spots were 
revealed after spraying with dilute ninhydrin and the peptides 
were eluted with water. The composition of the fractions was 
determined by paper chromatography, and the results are pre- 
sented in Table X. 

Since the amino-terminal residue is cysteic acid, Peptide T-1 is 
derived from the amino terminus. Inasmuch as Peptide O-C- 
XXA, was derived from a chymotryptic digest, tyrosine must be 
the carboxyl-terminal residue. Peptide T-4 is, therefore, a tri- 
peptide derived from the carboxyl-terminal end. Peptide T-3 
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is an extension of Peptide T-4 resulting from incomplete tryptic 
hydrolysis. Inasmuch as the tryptic splitting requires a lysine 
or an arginine residue at the carboxyl terminus of the resulting 
peptide, the sequence must be Glu.Lys.(Gly,Pro)Tyr. It is 
known from other studies that a lysyl-proline bond is not hydro- 
lyzed by trypsin (23). Thus, it is evident that the sequence of 
T-3 must be: Glu. Lys.Gly.Pro.Tyr. The remaining peptide, 
T-5, must connect the amino-terminal dipeptide sequence with 
the sequence derived from peptide T-3. It may be noted that 
T-2 and T-3 are neutral peptides, indicating that no amide group 
is present on the glutamy] residue. 
The complete information is summarized in Table XI. 


DISCUSSION 


The results reported above indicate the amino acid sequences 
of five large peptides which comprise 45 of the 185 residues of 
papain or almost one-fourth of the protein. For convenience in 
discussion, the sequence of these peptides is listed here. 


Q0-C-III: Ileu.Pro.Glu-NH2.Ser.Asp-NH2. Val.Ser.Ala.Gly. 
Val. Leu 

0-C-IV: Asp-NH:2.Glu-NH2.Gly. Ala. Leu. Leu 

0-C-XI: Glu.Gly.Val.Glu-NH2.Arg.Tyr 


0-C-XIV: Ala.Ala.Lys.Thr.Val.Asp.Gly.Arg.Glu-NH2. Val. 
Glu-NH:2. Pro.Tyr 
0-C-XXA: CySO;H.Arg.Ser.Arg.Glu. Lys.Gly.Pro.Tyr 


In an earlier study from this laboratory, Thompson (38) identi- 
fied the amino-terminal tripeptide sequence, Ileu.Pro.Glu, by 
the dinitrophenyl method and suggested, because of the failure 
to isolate any larger DNP-peptide, that the fourth residue was 
acid-labile or involved a very acid-labile peptide bond, i.e. the 
residue is probably tryptophan, serine, or threonine. The work 
reported in this paper on the amino-terminal heptapeptide se- 
quence of papain, as determined by the phenylthiohydantoin 
method, shows clearly that the fourth residue is serine and that 
the first three residues are the same as those found by Thomp- 
son. Since the composition and sequence of O-C-III is in 
complete consonance with the amino-terminal heptapeptide se- 
quence, Peptide O-C-III must represent the first 11 residues of 
papain. The most noteworthy feature of this sequence is the 
absence of ionic groups. 

Further support for the view that O-C-III is derived from the 
amino-terminal sequence can be deduced from other evidence 
also. For example, the sequences of the peptides presented in 
this and in the following paper account for five of the nine pro- 
line residues of the protein. The other four proline-containing 
sequences, as well as some of the same ones, have been found in 
peptides derived from the tryptic digest of papain‘ (unpublished 
observations). The only peptide sequence in accord with the 
results of the dinitrophenyl studies and with the Edman degra- 
dation of intact papain is the one found in Peptide O-C-III. 
Obviously, this point is a crucial one in attempting to fit together 
peptides to account for the entire sequence of the protein. 

The nonapeptide, O-C-XXA, is rather unusual in possessing 
one acidic and three basic residues, excluding the residue of 
cysteic acid which is produced by the oxidative procedure. It is 
of interest that after the determination of the amino-terminal 
residue, the complete sequence could be established simply by 
isolating and determining the composition of the peptides pro- 


A. Light and E. L. Smith 
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TaBLe XI 
Summary of information for sequence of Peptide O-C-XX-A 
Dinitro- CySO;H 
phenyla- 
tion 
Trypsin CySO;H. Arg 
Ser. Arg 
Glu. Lys 
Glu. Lys.Gly.Pro.Tyr 
Gly.Pro.Tyr 
Sequence CySO;H. Arg.Ser. Arg.Glu. Lys.Gly. Pro. Tyr 








duced by tryptic digestion. The two dipeptides, Ser.Arg and 
Glu.Lys, had previously been found in independent studies of 
the tryptic digest of oxidized papain.‘ 

In addition to the use of the enzymes, trypsin and carboxy- 
peptidase, which have been of great help in many structural 
studies of peptides, it is worth noting our reliance on papain for 
the hydrolysis of larger peptides, e.g. O-C-III, O-C-IV, and O- 
C-XI. Since the specificity of papain is not as limited as that 
of trypsin or chymotrypsin, one can usually obtain a number of 
peptides of reasonable size which may aid greatly in the struc- 
ture determinations. Studies with synthetic substrates (24) and 
the A chain of insulin (25), as well as with the above mentioned 
three peptides, show that papain can be particularly useful in 
cleaving bonds involving glycyl, glutaminyl, asparaginyl, and 
alanyl residues. Such bonds are, of course, not readily attacked 
by either trypsin or chymotrypsin. 

In general, with peptides derived by chymotryptic digestion, 
as in these studies, the first choice is the use of trypsin when the 
peptide contains arginyl or lysy] residues, as in the case of O-C- 
XIV and O-C-XXA. With peptides lacking a basic residue, 
papain proves to be a very valuable reagent. It should be em- 
phasized that the papain should be activated by cyanide rather 
than with an amino acid such as cysteine, which can interfere 
with chromatographic identification of peptides and amino acids, 
or with a thiol reagent, such as dimercaptopropanol, which 
oxidizes readily at neutral pH values to produce insoluble pol- 
ymers. 

When Peptide O-C-IV was isolated by Dowex 50 chromatog- 
raphy it was noted that it gave no direct ninhydrin color and it 
was detected only after alkaline hydrolysis of the fraction (see 
Fig. 2 in reference (2)). Initially, we suspected that the lack of 
ninhydrin color might be due to the presence of a terminal 
pyrrolidone-carboxylic acid residue. It was surprising to find 
that asparagine was the amino-terminal residue of this peptide. 
At present there is no simple explanation as to why O-C-IV 
yields no ninhydrin color, but this situation does serve as a warn- 
ing that the behavior of peptides with ninhydrin may be rather 
unusual. 


SUMMARY 


The amino-terminal heptapeptide sequence of papain was 
determined by the phenylthiohydantoin method as: Ileu.Pro. 
Glu-NH2.Ser. Asp-N He. Val.Ser. 

The sequence of five peptides derived from the chymotryptic 
digestion of oxidized papain has been established. The peptides 
account for 45 of the 185 residues of the protein. One of these 
peptides (O-C-III) represents the amino-terminal 11 residue 
sequence of the protein. 
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1. NevratH, H., in S. P. Cotowicx, anp N. O. Kapian (Editors) 
Val. Leu Methods in enzymology, Vol. II, Academic Press, Inc., New 
0-C-IV: Asp-NH:.Glu-NH;.Gly.Ala.Leu.Leu FOR FO at 
— P a5 ees ? 12. Moors, S., anp STEIN, W. H., J. Biol. Chem., 211, 907 (1954). 
O-C-XI: Glu.Gly.Val.Glu-NH:.Arg.Tyr 13. Sanczr, F., Biochem. J., 39, 507 (1945). 
14. BLracksurn, 8., anp LowtHer, A. G., Biochem. J., 48, 126 
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_Acknowledgment—We are indebted to Mr. Boyd Lythgoe for 1g Sanger, F., anv Tupry, H., Biochem. J., 49, 463 (1951). 
his assistance with the quantitative amino acid analyses. 19. Levy, A. L., Anal. Chem., 25, 396 (1953). 
20. Spackman, D. H., Stern, W. H., anp Moore, S., Anal. Chem., 
REFERENCES 30, 1190 (1958). , wy 
21. AcHEr, R., Lauriua, U. R., anD FromaGEot, C., Biochim. et 


1. Lieut, A., aND Smitu, E. L., Federation Proc., 18, 274 (1959). Biophys. Acta, 19, 97 (1956). 

2. Lieut, A., aNnD Smitu, E. L., J. Biol. Chem., 285, 3144 22. Smitu, E. L., in G. E. W. WoLstENHOLME AND M. P. CaMERON 
(1960). (Editors), Chemical structure of proteins, Little, Brown and 

3. THompson, E. O. P., J. Biol. Chem., 207, 563 (1954). Company, Boston, 1953. 

4. Kime., J. R., anp Smitu, E. L., J. Biol. Chem., 207, 514 23. Suzrnerp, R. G., Wittson, 8S. D., Howarp, K. S., BELL, P. 
(1954). H., Davizs, D.S., Davis, S. B., Eragnrr, E. A., anD SHAKEs- 

5. Stockex, A., and Smitu, E. L., J. Biol. Chem., 227, 1 (1957). PEARE, N. E., J. Am. Chem. Soc., 78, 5051 (1956). 

6. FRAENKEL-Conrat, H., J. Am. Chem. Soc., 76, 3606 (1954). 24. Kimmet, J. R., anp Sarru, E. L., in F. F. Norv (Editor), Ad- 

7. Harris, J. I., anp Roos, P., Biochem. J., 71, 434 (1959). vances in enzymology, Vol. 19, Interscience Publishers, Inc., 

8. Sséquist, J., Acta. Chem. Scand., 7, 447 (1953). New York, 1957, p. 267 

9. Epman, P., and Ssdquist, J., Acta. Chem. Scand., 10, 1507 25. Sanaer, F., Toompson, E. O. P., anp Krrat, R., Biochem. Bi 
(1956). 59, 509 (1955). 


Tue Jc 


Fron 


In 
of p 
serib 
pept 
port 
ditic 
paps 


folle 
the 

give 
scril 


mir 


id 





XUM 


Vo. 11 


L., in 
‘ol. II, 
) 


Jitors) 
.. New 


(1954). 
8, 126 
5, 541 
., Bio- 


8). 
L). 


Chem., 
him. et 


MERON 
m and 


iLL, P. 
[AKES- 


), Ad- 
3, Inc., 


em. J., 





Tue JouRNAL OF Bro.togica, CHEMISTRY 
Vol. 235, No. 11, November 1960 
Printed in U.S.A. 


Chymotryptic Digest of Papain 


III. AMINO ACID SEQUENCE OF SIX PEPTIDES* 


ALBERT Licut, A. N. Guazer, AND Emit L. Smita 


From the Laboratory for the Study of Hereditary and Metabolic Disorders and the Departments of Biological Chemistry and 
Medicine, University of Utah College of Medicine, Salt Lake City, Utah 


(Received for publication, May 19, 1960) 


In Paper I of this series (2), the isolation and composition 
of peptides derived from the chymotryptic digestion were de- 
scribed. Paper II (3) reported the sequence of certain of these 
peptides accounting for 45 residues of the protein. In this re- 
port, we wish to present evidence for the sequence of 6 ad- 
ditional peptides which comprise 31 additional residues of the 
papain molecule. 


EXPERIMENTAL PROCEDURE 


The nomenclature of the peptides described in this paper will 
follow that given in the preceding reports (2, 3). In general, 
the methodology for sequence determinations has already been 
given (3), only modifications of these procedures will be de- 
scribed. 


Peptide O-C-I: Gly. Val.CySO3H .Gly. Leu. Tyr 


Dinitrophenylation—The amino-terminal residue was deter- 
mined on a sample of the peptide before desalting. Approxi- 
mately 1 wmole of the peptide was submitted to dinitrophen- 
ylation for 6 hours with the reaction mixture maintained at 
pH 8.5 with the aid of a pH stat. The solution was evap- 
orated to dryness and triturated with dry ethyl acetate. Ex- 
traction was continued until all the yellow color was removed. 
After evaporation of the extract only traces of salt were found. 
After hydrolysis with 6 Nn HCl for 20 hours at 105° and re- 
moval of dinitrophenol by sublimation, DNP!-glycine was ob- 
tained in 20% yield. 

Edman Degradation—Two ymoles of desalted peptide were 
submitted to three stages of degradation. The reaction with 
phenylisothiocyanate was followed on the pH stat and was con- 
tinued for several hours until the alkali uptake was identical 
to that of the blank. Cyclization with 2 n HCl lasted 22 hours 
for the first stage, 6 hours and 24 hours for the second and 
third stages, respectively. PTH-glycine was identified after pa- 
per chromatography in solvent System F and represented the 
amino-terminal residue of the peptide. The second residue was 
identified as valine after paper chromatography in solvent Sys- 
tems A and F. The identification of the first two residues was 
confirmed by amino acid analysis of the peptide residue. After 
two stages of degradation, the composition in molar ratios was 


* This investigation has been aided by grants from the United 
States Public Health Service and from the Rockefeller Founda- 
tion. A preliminary account of a part of this work has been given 
(1). 

1The abbreviations used are: DNP, dinitrophenyl; PTH, 
phenylthiohydantoin. ~ 


CySO;H (0.80), Gly (1.34), Val (0.24), Leu (1.0), Tyr (0.79). 
Clearly, glycine had decreased from the two residue value and 
valine had also decreased in amount. 

After the third stage the PTH-amino acid was separated from 
the peptide residue by paper electrophoresis at pH 6.5 for 2 
hours at 1000 volts. Control spots for PTH-glycine and leucine 
remained at the origin whereas the spot for the unknown moved 
toward the anode and agreed in mobility with a control sam- 
ple of PTH-cysteic acid. 

Carboxypeptidase Digestion—After incubation of 1 umole of 
peptide with 0.03 umole of carboxypeptidase, the digest was 
examined on paper by the two-dimensional procedure. Tyro- 
sine was found in greatest yield and leucine in lesser amount. 
A very small amount of glycine was also observed. An acidic 
component, which was present on the chromatogram, stained 
yellow after spraying the paper with ninhydrin. Elution of this 
spot and subsequent paper chromatography of the hydrolyzed 
sample showed the presence of glycine, valine, and cysteic acid. 
The composition clearly indicates that the acidic component was 
the peptide minus the amino acids liberated by carboxypepti- 
dase. 

Evidence for the complete sequence of Peptide O-C-I is sum- 
marized in Table I. 


Peptide O-C-V: Thr . Ser .Ser.Phe 


In the previous paper (2) it was noted that Fraction Y con- 
tained two peptides. The major peptide was purified as the 
DNP-derivative and was shown to be a tetrapeptide contain- 
ing Thr.Ser2.Phe with threonine as the amino-terminal residue. 

Carboxypeptidase Digestion—An aliquot of the DNP-peptide 
was subjected to carboxypeptidase digestion under the usual con- 
ditions. Separation of the digest by electrophoresis and chroma- 
tography showed that free phenylalanine and serine were present 
in equal amounts. Phenylalanine would be expected to occupy 
the carboxyl-terminal position in accord with the known spec- 
ificity of chymotrypsin. Digestion with carboxypeptidase would 
liberate phenylalanine quantitatively permitting subsequent 
release of the serine residues. The DNP-residue that remained 
after digestion ran off the paper during the chromatography. 
With the identification of the amino- and carboxyl-terminal 
residues the sequence is established as Thr.Ser.Ser. Phe. 


Peptide O-C-VIIT: Asp-NH2.Pro.Gly.Tyr 


Edman Degradation—The peptide was degraded two stages 
by the Edman procedure. The reaction with phenylisothiocya- 
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TABLE I 
Information concerning sequence of Peptide O-C-I 
Dinitrophenylation....| Gly 
Edman degradation...| Gly.Val.CySO;H 
Carboxypeptidase..... Gly.Leu.Tyr 
Peptide residue..... (Gly , Val, CySO;H, Gly) 
eet roe Gly. Val.CySO;H.Gly.Leu.Tyr 














TaBie II 
Summary of information for sequence of Peptide O-C-VIII 
Edman degradation............... Asp-NH:2.Pro 
PPODGIAS TOSIGUEC «5 6 6.6 oc cee vicee. | Gly.Tyr 
Carboxypeptidase................. | Tyr 
SR et i ora | Asp-NH:2.Pro.Gly.Tyr 
Taste III 
Information for sequence of Peptide O-C-IX 
Edman degradation .| Glu -Ala. Ala.Gly 
Carboxypeptidase.. . Asp. Phe 
Sequence............ Glu-NH:.Ala.Ala.Gly.Lys. Asp. Phe 





nate was performed at pH 8.6 to 8.9 for several hours. Cyeli- 
zation was accomplished under anhydrous conditions with 3 ml 
of glacial acetic acid saturated with dry HCl (4) for 18 hours 
at room temperature. PTH-asparagine was identified after pa- 
per chromatography in solvent Systems F and D and repre- 
sented the amino-terminal residue of the peptide. The second 
residue was identified as proline after paper chromatography 
in solvent Systems F, A, and D. The peptide residue remain- 
ing after two stages of degradation was hydrolyzed and exam- 
ined for free amino acids. Tyrosine and glycine were found in 
equivalent amounts and, in addition, traces of aspartic acid and 
proline were present. 

Carboxypeptidase Digestion—After incubation of 1 umole of 
peptide with 0.05 umole of enzyme for 24 hours at 39°, the 
digest was examined on paper by the two-dimensional proce- 
dure. Only free tyrosine was detected and this identification 
was confirmed with a specific reagent for tyrosine (5). 

The results with neutral (2) Peptide O-C-VIII are summar- 
ized in Table II. 


Peptide O-C-IX: Glu-N H:2. Ala. Ala.Gly.Lys.Asp.Phe 


Carboxypeptidase Digestion—A sample (1 umole) of the pep- 
tide was incubated with 0.025 umole of carboxypeptidase buff- 
ered with Tris at pH 8.0. The total volume was 1 ml and 
the digest was maintained at 39° for 16 hours. An aliquot of 
the digest was examined by paper chromatography and only 
aspartic acid and phenylalanine were detected. Quantitative 
amino acid analysis of the remainder of the digest showed that 
a quantitative yield of phenylalanine (1.02 umoles) was obtained 
and that aspartic acid was liberated to the extent of 30% (0.3 
umole). The carboxyl-terminal residue is obviously phenylala- 
nine in accord with the specificity of chymotrypsin. 

Edman Degradation—The procedure was performed on a mi- 
croscale as described by Acher et al. (6). An aliquot of 1.4 
umoles was evaporated to dryness in a 5-ml flask. The residue 
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was dissolved in 0.1 ml of H,O, and the coupling was performed 
with 0.1 ml of a 1% solution of phenylisothiocyanate in pyri- 
dine. After the addition of 0.02 ml of 25% trimethylamine, 
the reaction mixture was maintained at 39° for 2 hours. Ex. 
cess reagent as well as pyridine were removed by five extrac- 
tions with equal volumes of benzene. The sample was taken 
to dryness in a vacuum over KOH and paraffin. Cyclization 


was accomplished with 0.1 ml of a solution containing glacial | 


acetic acid-concentrated HCl (5:1) at 39° for 1 hour. The sam- 
ple, after evaporation to dryness, was dissolved in 0.5 ml of 
0.01 n HCl and extracted three times with water-saturated, 
peroxide-free ether. Both phases were taken to dryness in a 
vacuum. The residue from the aqueous phase was then sub- 
mitted to further degradation under the above conditions. 

After the first stage of degradation, PTH-glutamic acid was 
identified by paper chromatography in solvent Systems A and 
F. Quantitative analysis of an aliquot of the peptide residue 
gave the following molar ratios: Asp (1.0), Glu (0.19), Gly (1.1), 
Ala (1.9), Phe (0.99), Lys (not determined). After the second 
stage of degradation, PTH-alanine was identified after paper 
chromatography in Systems A and F. The molar ratios of 
the peptide residue were: Asp (1.02), Glu (0.13), Gly (1.02), Ala 
(1.19), Phe (0.96), Lys (not determined). Clearly, the amount 
of alanine had decreased from the two residue value. After the 
third stage, PTH-alanine was again found after paper chroma- 
tography in the same systems. Analysis of the peptide residue 
provided the molar ratios: Asp (1.06), Glu (0.13), Gly (1.06), 
Ala (0.60), Phe (0.91), Lys (not determined). The fourth stage 
revealed the presence of PTH-glycine as well as lesser amounts 
of PTH-alanine. Analysis of the peptide residue gave: Lys 
(0.05), Asp (1.09), Glu (0.13), Gly (0.58), Ala (0.54), Phe (0.91), 
The decrease in the value for lysine is a reflection of the re- 
activity of the €-amino group. 

Work on the sequence of Peptide O-C-IX is summarized in 
Table III. It was established earlier that this peptide is neu- 
tral (2). Inasmuch as aspartic acid is liberated by carboxy- 
peptidase with no trace of asparagine being detectable, the single 
amide must be present on the amino-terminal residue. 


Peptide O-C-X VII: Arg.Asp-NH:2.Thr.Pro.Tyr 


Edman Degradation—Approximately 1 umole of peptide was 
treated with phenylisothiocyanate at pH 8.2 for 33 hours. Cy- 
clization by treatment with glacial acetic acid saturated with 
dry HCl was performed for 24 hours. After paper chromatog- 
raphy of the ethyl acetate extract, no spots which absorbed 
ultraviolet light or reacted with iodine-azide could be found. 
The possibility that arginine was amino-terminal was examined 
by submitting an aliquot of the aqueous solution to paper elec- 
trophoresis at pH 6.5. The unknown compound agreed in mo- 
bility with an authentic sample of PTH-arginine. After the 
second stage of degradation, PTH-asparagine was identified after 
paper chromatography in solvent System F. PTH-threonine 
and a small amount of the dehydro derivative were found after 
the third stage of degradation by chromatography in solvent 
Systems A and F. 

Carboxypeptidase Digestion—An aliquot (0.5 umole) of the pep- 
tide was incubated at pH 8.2 with 0.025 umole of enzyme for 
24 hours at room temperature. After paper chromatography, 
tyrosine was the only amino acid present. This result would 
be expected if proline occupied the penultimate position. 
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The sequence information on the basic (2) Peptide O-C-XVII 
is given in Table IV. 


Peptide O-C-XXB: Arg.Gly .Gly.Ileu. Phe 


Edman Degradation—The amino-terminal residue was identi- 
fied by submitting 1 umole of peptide to the Edman procedure. 
The coupling with phenylisothiocyanate was performed at 40° 
for 1 hour. Cyclization with glacial acetic acid saturated with 
dry HCl was performed at room temperature for 17.5 hours. 
Examination of the ethyl acetate extract on paper chromatog- 
raphy in two solvent systems failed to reveal a spot other than 
one at the origin. The possibility that arginine occupied the 
amino-terminal position was explored by paper electrophoresis 
of an aliquot of the aqueous phase. The behavior of the un- 
known was identical with that of an authentic sample of PTH- 
arginine. 

Carboxypeptidase Digestion—A sample (0.2 umole) was di- 
gested with 0.0075 umole of carboxypeptidase at pH 7.8 for 
23 hours. Paper chromatography of the digest indicated that 
isoleucine and phenylalanine were liberated to the same extent. 
A small amount of glycine was also present. The specificity 
of chymotryptic digestion indicated that phenylalanine must be 
the carboxy]-terminal residue of O-C-XXB. Isoleucine occupies 
the penultimate position. 

The results with the basic (2) Peptide O-C-XXB are sum- 
marized in Table V. 


DISCUSSION 


In this paper we present the sequence of six peptides de- 
rived from the chymotryptic digestion of oxidized papain; these 
are listed in Table VI. 

In accord with the specificity of chymotrypsin each of these 
peptides has an aromatic amino acid as the carboxyl-terminal 
residue. It is of interest that three of the four phenylalanine 
residues of papain have been found in these peptides and that 
each possesses a unique composition and sequence. This has 
proved to be exceedingly helpful in matching these with pep- 
tides derived from the tryptic digestion of oxidized papain.” 
These unique overlapping sequences are presently known to be 
as follows: 


0-C-V: Thr.Ser.Ser. Phe 

0-T-XVII: Thr.Ser.Ser.Phe(Tyr, Val, Pro, Asp-NH;)Lys 
0-C-IX: Glu-NH:. Ala. Ala.Gly.Lys.Asp.Phe 
0-T-XXIII: Asp.Phe.Glu-NH2. 


Leu.Tyr.Arg 
0-C-XXB: Arg.Gly.Gly.Ileu.Phe 


0-T-VI: Gly.Gly.Tleu. Phe. Val.Gly.Pro.CySO;H. 


Gly. Asp-NH:2. Lys 


In the case of two of the above sequences, the overlap con- 
sists of four residues and there can be no reasonable doubt of 
these assignments. For O-C-IX, the overlap consists of only 
two residues. However, it should be noted that O-T-XXIII, 
being derived from a tryptic digest, must be preceded by a 


2 J. R. Kimmel, G. Kato, and E. L. Smith, in preparation. 
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TaBLe IV 
Sequence information for Peptide O-C-XVII 
Edman degradation......... Arg. Asp-NH2.Thr 
Carboxypeptidase........... Tyr 
TIN ono Le» tp clan + sates Arg. Asp-NH:2.Thr.Pro.Tyr 





TABLE V 
Sequence information for Peptide O-C-XX-B 





Edman degradation.............. Arg 
Carboxypeptidase................ Gly.Ileu. Phe 
RRR eo. Siac cstes 3c-e ct ccenes Arg.Gly.Gly.Ileu. Phe 














TaBLeE VI 
Sequences of peptides determined 
No. of 
Peptide Sequence Resi- 
dues 
O-C-I Gly. Val.CySO;H.Gly.Leu.Tyr 6 
O-C-V Thr.Ser.Ser. Phe 4 
O-C-VIII Asp-NH2.Pro.Gly.Tyr 4 
O-C-IX Glu-NH_. Ala. Ala.Gly.Lys.Asp. Phe 7 
O-C-XVII Arg. Asp-NH2. Thr. Pro. Tyr 5 
O-C-XXB Arg.Gly.Gly.TIleu. Phe 5 








basic residue to provide a point of cleavage for trypsin. The 
sequence of O-C-IX is consonant with this requirement. More- 
over, we have recently found the fourth phenylalanine residue 
in a tripeptide obtained by chymotryptic digestion; its sequence 
is Ala.Ser.Phe (7). It is evident that this sequence will not 
fit any of the O-T peptides listed above. 

It is disappointing that O-C-XXB extends O-T-VI by only 
one residue. Indeed, since it is likely that the arginine resi- 
due of O-C-XXB is preceded by an aromatic (or leucine resi- 
due) an unequivocal extension of this sequence cannot be de- 
rived from these peptides. A similar situation is found with 
O-C-XVII (Arg.Asp-NH:2.Thr.Pro.Tyr) which also possesses 
an amino-terminal arginine residue. Thus, to obtain informa- 
tion concerning the sequence extension of Peptides O-C-XVII 
and O-C-XXB, it will be necessary to use a method of hydrol- 
ysis which does not produce cleavage at basic residues or at 
aromatic amino acid residues. Such studies will be essential to 
obtain information concerning the complete structure of papain. 


SUMMARY 


Six peptides comprising 31 residues, which were obtained from 
the chymotryptic digest of oxidized papain, have been degraded 
by various methods and their amino acid sequence determined. 
These sequences are as follows: 


O-C-I: Gly. Val.CySO;H.Gly.Leu.Tyr 
0-C-V: Thr.Ser.Ser. Phe 

O-C-VII: Asp-NH:2.Pro.Gly.Tyr 

O-C-IX: Glu-NH:.Ala.Ala.Gly.Lys.Asp.Phe 


O-C-XVII: Arg. Asp-NH2.Thr.Pro.Tyr 
O-C-XXB: Arg.Gly.Gly.Ileu. Phe 
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The three peptides containing phenylalanine overlap uniquely 3. Licur, A. 


with peptides derived from the tryptic digest of the protein. 
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Much attention has been centered recently on the pathways of 
glycogen metabolism. The demonstration of the presence of a 
uridine diphosphoglucose-linked pathway for glycogen synthesis 
(1) and the extensive studies which followed (2-6) have provided 
strong evidence for the existence in muscle of a metabolic cycle 
in which the uridine pathway is involved in the synthesis and 
phosphorylase catalyzes the degradation of glycogen. Particu- 
lar support for this formulation came from the discovery of a 
human myopathy (7, 8) in which muscle biopsy revealed a high 
glycogen content accompanied by very low phosphorylase levels 
but a normal uridine diphosphosphoglucose-enzyme system. 
The existence of a disease in man involving a deficiency of phos- 
phorylase as well as the usefulness of having the pure human 
enzyme for comparative biochemical studies prompted the 
present work. 

This paper deals with the purification of phosphorylase 6 from 
human autopsy skeletal muscle by ammonium sulfate fractiona- 
tion and column chromatography on anion exchange cellulose. 
As with rabbit muscle phosphorylase b (9, 10), crystallization of 
the human enzyme is achieved in the presence of Mg** ions and 
adenylic acid. The human phosphorylase b can be converted to 
phosphorylase a with purified rabbit phosphorylase kinase (11) 
and this form of the enzyme also crystallizes readily. Properties 
of both enzymes, including sedimentation constants, pH optima, 
pyridoxal phosphate content, and immunochemical specificity, 
are also described. A preliminary report of this work has been 
previously presented (12). 


EXPERIMENTAL PROCEDURE 


Methods—The phosphorylase activity of total homogenates 
and crude extracts is determined by the method of Illingworth 
and Cori (13) in the presence or absence of AMP at pH 6.8 after 
1:10 dilution in 0.04 m glycerol-P, 0.03 m cysteine buffer. Pro- 
tein determinations are carried out by the biuret method (14) un- 
less noted otherwise. Antisera to crystalline human muscle 
phosphorylase 6 and to rabbit phosphorylase b were prepared 
separately in roosters by the intravenous injection of enzyme 
prepared with calcium phosphate gel as an adjuvant, as described 
by Henion and Sutherland (15). Each rooster was treated by 
injection with 3 mg of protein at 3-day intervals for a total of 
five injections. Antigen-antiserum precipitation reactions were 
performed on Ouchterlony agar-diffusion plates (16) prepared 
as described by O’Connor (17). 


* This investigation was supported in part by a research grant 
from the Brown-Hazen Fund, Research Corporation, and by a 
grant (No. A-859) from the National Institutes of Health, United 
States Public Health Service. 


Preparation of Extracts—All work is carried out in the cold. 
Human autopsy muscle (800 to 1000 g) is chilled in ice immedi- 
ately after excision, cleaned thoroughly of fat and tendon, and 
ground in an ordinary meat grinder. It is then weighed and 
homogenized in three volumes of cold distilled water in a Waring 
Blendor for 1 minute. The homogenate is centrifuged for 80 
minutes at 1400 x g in the International model PR-2 centrifuge. 
The supernatant solution is filtered through two layers of cheese- 
cloth, then through glass wool to remove some of the finer par- 
ticles and fat. 

Extracts prepared in this manner contain 60 to 80% of the 
total phosphorylase activity present in the homogenates. In 
Table I are listed the phosphorylase activities (in the presence 
of AMP) of the homogenates and extracts obtained from different 
muscle preparations. Tests done without AMP in several in- 
stances showed that no appreciable phosphorylase a activity was 
present in this type of extract. 

Acid Precipitation—The pH of the extract is brought to 5.4 by 
the slow addition of 1 N acetic acid and the suspension is cen- 
trifuged at 1400 x g for 40 minutes. The supernatant solution 
is filtered through coarse fluted filter paper and the pH of the 
filtrate is adjusted to 6.8 by the addition of solid potassium 
bicarbonate. About 15% of the total phosphorylase activity is 
lost in the acid precipitate which is discarded, but in the few 
instances in which this step was omitted, major losses of phos- 
phorylase activity occurred in subsequent steps resulting in very 
poor yield. 

First Ammonium Sulfate Precipitation—The solution is brought 
to 0.50 saturation by the addition of one volume of the saturated 
(25°) ammonium sulfate solution at pH 6.8. The mixture is 
allowed to stand at 3° for 24 to 48 hours. A longer interval may 
occasionally be necessary for complete settling of the precipitate. 
The supernatant solution is withdrawn and the precipitate is 
collected by centrifugation at 3500 x g for 60 minutes. The 
precipitate is suspended in 15 to 25 ml of distilled water and 
dialyzed overnight against 6 liters of 0.001 m Tris buffer at pH 
6.8. 

From 70 to 90% of the activity remaining in the extract after 
acid precipitation is usually recovered in this step which results 
in a 10- to 15-fold increase in specific activity. 

Heat Treatment at High pH—The following additions are made 
to the dialysate: neutral cysteine to a final concentration of 0.03 
M, neutral 0.1 m EDTA! to a final concentration of 5 x 10-‘ m, 
and non-neutralized 2 m Tris to raise the pH to 8.6. Incubation 
in a water bath at 37° is carried out for 1 hour after which the 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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TABLE [| 
Phosphorylase content of human autopsy skeletal muscle* 
Phosphorylase uni . ; 
“muscle tissue | Uaite/mg protein 
Number of cases ogenates) 
Range Average Range Average 
15 735-1843) 1064 12.5-28 16.3 
Amputation (2 cases) 883 16.7 
aga9 | cage 1 
Fresh rabbit muscle 6100 75 

















* Autopsy muscles used were the pectorals, ileopsoas, and 
quadriceps femori. 
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Fig. 1. Chromatography on DEAE-cellulose. Column I: Buff- 

ers as shown (GP- is glycerophosphate) without cysteine. Total 

proteins in sample, 567 mg; total number of phosphorylase units, 

125,190; enzyme units recovered, 71,512; yield, 57%. Column II: 

Buffers included cysteine. Total proteins in sample, 549 mg; 

total phosphorylase units, 112,140; units recovered, 76,230; yield, 
68%. 
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pH is readjusted to 6.8 with 1 N acetic acid. A slight precipitate 
usually results which is eliminated by centrifugation. 

Second Ammonium Sulfate Precipitation—The heat-treated 
dialysate is brought to 0.30 saturation with ammonium sulfate, 
pH 6.8, and the resulting precipitate is collected by centrifuga- 
tion, suspended in 5 to 10 ml of distilled water, and dialyzed 
against 0.003 m glycerol-P, 0.001 m EDTA, pH 7.2, in preparation 
for column chromatography.2 The specific activity of this prepa- 
ration falls between 200 and 400 units per mg of protein, which 
represents a 1.5- to 2-fold increase over that of the preceding 
step. 

Column Chromatography on DEAE-Cellulose (18). Buffers— 
The initial buffer consisted of 0.003 m glycerol-P, 0.001 m EDTA, 
pH 7.2. A linear gradient is established to 0.2 m glycerol-P, 


2 When chromatography is not done at this time, neutral cys- 
teine should be added to the enzyme solution in 0.03 m concentra- 
tion and the preparation stored in the cold until used. 
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0.001 m EDTA, pH 7.2. In some experiments cysteine is in- 
cluded in both buffers in a concentration of 0.003 m. 

DEAE-cellulose (18) obtained from Eastman Organic Chemi- 
cals is used as such or after sieving in which case the fraction 
passing between 120 to 200 mesh is employed. A sample of 8 
to 12 ml of the dialyzed second ammonium sulfate precipitate 
containing 400 to 750 mg of protein and 80 to 150,000 phos. 
phorylase units is applied to a DEAE-cellulose column in equi- 
librium with the initial buffer. The bufie: lowed to flow at 
a rate of 30 to 60 ml per hour (in some experiments a flow rate 
of up to 120 ml per hour was used). Elution is accomplished by 
a linear gradient buffer to 0.2 m glycerol-P, 0.001 m EDTA, pH 
7.2. Fractions are collected in volumes of 8 ml each and their 
optical density measured at 280 my in.a Beckman model DU 
spectrophotometer with the first fraction as a blank. The 
protein concentration in the fractions with phosphorylase ae- 
tivity is determined from the optical density at 280 my by the 
arbitrary® use of an absorption coefficient calculated from the 
data of Velick and Wicks (19) for rabbit muscle phosphorylase, 

Phosphorylase Recovery in the Effluent—In Fig. 1 is shown the 
result of a typical chromatographic fractionation. Two major 
peaks are obtained: a “breakthrough”’ peak followed by a second 
peak consisting mainly of phosphorylase. The enzyme recovery 
amounts to 50 to 60%. An appreciable increase in recovery of 
15 to 20% is noted when cysteine is included in the buffers in 
0.003 m concentration (Fig. 1, Column II). The phosphorylase 
fractions are pooled in order to obtain a solution with a specific 
activity of 1000 to 1300 units per mg of protein. 

Concentration of the Effluent—Three different procedures were 
employed to recover the protein in concentrated form: precipi- 
tation of the protein with solid ammonium sulfate, dialysis of 
the effluent against 10 volumes of saturated ammonium sulfate 
solution, and lyophilization. Although all three methods proved 
satisfactory, the recovery of virtually 100% of the phosphorylase 
activity after lyophilization made this the procedure of choice. 
Thus, the residue can be stored in a freezer until sufficient quanti- 
ties of phosphorylase have been collected for crystallization of 
the enzyme. 

Crystallization of Phosphorylase b—The purified enzyme ob- 
tained above can either be crystallized directly as phosphorylase 
b or first converted to phosphorylase a and then crystallized. 
The lyophilized residue (0.5 to 1 gm) containing 100,000 to 150,- 
000 phosphorylase units is suspended in 2 to 5 ml of distilled 
water and dialyzed overnight against 2 liters of 0.003 m glycerol- 
P buffer, pH 6.8, to remove the excess salt. For the crystalliza- 
tion of phosphorylase }, it is essential that highly concentrated 
solutions of the protein are used and it is frequently necessary 
to precipitate the protein from the above dialysate with 1.5 vol- 
umes of saturated ammonium sulfate and resuspend the precipi- 
tate in the smallest amount of water possible to give a solution 
of 40 to 60 mg protein per ml. After dialyzing this suspension 
against the 0.003 m glycerol-P buffer, the following additions to 
the now clear protein solution are made: 0.3 m neutral cysteine 
to a final concentration of 0.03 m, 0.1 m AMP to a final concen- 
tration of 0.001 mM, and 1 m Mg-acetate to a final concentration 
of 0.01 m. The enzyme solution is left at 0° with occasional 
stirring. Crystallization usually starts after several hours but 
may take 24 to 48 hours. It should be emphasized that a tem- 

’ The results of protein determinations by this method were 


checked against those obtained by the biuret method and found 
to be in substantial agreement. 
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perature of 0° is critical since crystals have been observed to 
dissolve almost completely when left overnight at 5°. Re- 
crystallization is accomplished by centrifugation and dissolving 
the crystals in 0.04 m glycerol-P, 0.03 m cysteine buffer, pH 6.8, 
at room temperature followed by cooling to 0° (Fig. 2). Table 
II gives a summary of the purification steps in a typical prepara- 
tion. The final yield of 3X crystallized phosphorylase 6 is 12 
to 16%. About 50 to 100 mg of crystalline enzyme can be pre- 
pared from 1000 g of muscle. 

Crystalline phosphorylase b has a specific activity of 1400 to 
1500 units per mg of protein and is completely inactive without 
added adenylic acid. 

Conversion of Phosphorylase b — a and Crystallization of Phos- 
phorylase a—The conversion of human phosphorylase b to phos- 
phorylase a is carried out essentially as described by Fischer and 
Krebs (20) for the rabbit enzyme, using purified rabbit phos- 
phorylase kinase (11). The usual reaction mixture consists of 
the following: 10 ml of phosphorylase solution in 0.04 m glycerol- 
P, 0.03 m cysteine containing 80 to 100 mg of protein, 10 ml of 
0.125 m glycerol-P, 0.125 m Tris, pH 8.6 0.15 ml of 0.3 m Mg- 
acetate, 2 ml of 6 X 10-* m ATP and 0.4 ml of kinase (0.4 mg 
of protein) in 0.015 M neutral cysteine. The reaction is started 
by the addition of kinase and the mixture is left at 30° for 1 hour. 
At the termination of the reaction, the ratio of phosphorylase 
activity determined without AMP to that determined with AMP 
is 0.75 to 0.85. As has been noted previously with the rabbit 
enzyme (21), conversion of human muscle phosphorylase 6 to 
phosphorylase @ is accompanied in all instances by a 15 to 20% 
rise in the specific activity as determined in the presence of AMP. 
The protein is precipitated with 1.5 volumes of saturated am- 
monium sulfate and the precipitate is collected by centrifugation, 
suspended in 1 to 2 ml of water and dialyzed against 1 liter of 
0.019 m glycerol-P, 0.012 m cysteine, pH 6.8, in the cold (13). 
The protein first goes into solution, then crystallizes overnight. 
Recrystallization is accomplished by centrifugation and dissolv- 
ing the crystals in glycerol-P cysteine buffer at room temperature 
followed by cooling to 0° (Fig. 3). Crystallization of phos- 
phorylase @ occurs more readily than that of phosphorylase b. 

Crystalline human muscle phosphorylase a has a specific ac- 
tivity of 1700 to 1800 units per mg of protein and retains 85% 
of its activity without added AMP. 

Electrophoresis and Ultracentrifugation of Human Phosphoryl- 
ases b and a—Moving boundary electrophoresis of human phos- 
phorylases b and a was carried out in phosphate buffer of 0.1 
ionic strength. Each yielded a homogeneous peak with descend- 
ing mobilities of —2.3 and —2.97 x 10-5 cm? per second for } 
and a, respectively (Figs. 4 and 5). Electrophoresis of equal 
parts of human phosphorylase b and rabbit phosphorylase b 
under the same conditions also yielded a single symmetrical peak 
(not illustrated). 

Three times crystallized Norit-treated human phosphorylase 
b and 3X crystallized phosphorylase a were subjected to ultra- 
centrifugation in 0.06 m glycerol-P, 0.03 m cysteine-0.1 m KCl, 
pH 6.8. Each yielded a single peak. The calculated sedimen- 
tation coefficient (82,.) of phosphorylase b at a concentration of 
7 mg per ml was 8.88 and that of phosphorylase a at a concen- 
tration of 5.7 mg per ml was 13.46. These values correspond 
very closely to those reported for rabbit muscle phosphorylase 
band a by Keller and Cori (22) which were 8.2 and 13.2, respec- 
tively. ; 

pH Optimum—Twice crystallized phosphorylase 6 (46 mg per 
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Fic. 2. Human muscle phosphorylase b crystals, X864. (Fig- 
ure reduced 30% for reproduction here.) 
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TaB.eE II 
Purification and crystallization of human muscle phosphorylase b 
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Fraction Vases Activity | Total a Specific’ Yield c- 
| 
| ml | units/ml| units |\mg/ml — % 
Extract from 1000 
g muscle........ 2870 194'556,780| 10.8} 18 |100 1 
Ist ammonium 
sulfate precipi- 
tate............| 69.5} 5,458/379,331) 31.4) 174 | 83 10 
2nd = ammonium 
sulfate precipi- 
oe ees Pee 23 | 12,472/286,856) 51 244 | 51.5) 14 
Column effluent. ..| 328 454/148 912) 0.4) 1135 | 26 63 
After lyophiliza- | 
tion.............| 14.7] 10,124)148,823| 8.6) 1177 | 26 63 
Ist crystals....... 0.7|106 520) 74,564) 76 | 1400 | 13.4) 78 























2nd crystals......| 0.5)142,380) 71,190/101 


1410 | 13 | 78 





ml) and a (44 mg per ml) were each diluted 1:1000 in 0.04 m 
glycerol-P, 0.03 m cysteine buffers prepared at different pH 
values. Substrates with corresponding pH values were also 
made and the pH of the final reaction mixture measured with 
glass electrodes using the Beckman Zeromatic pH meter. The 
phosphorylase activities in the reaction mixtures were calculated 
taking into account the equilibrium position at different pH 
values (23) and expressed as units per ml in the original crystal- 
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Fig. 3. Human muscle phosphorylase a crystals, X864 


line suspension. The results are shown in Fig. 6. The pH opti- 
mum for phosphorylase b is 6.35 to 6.75 and for phosphorylase 
a, 6.5 to 6.85. Similar values have been reported for rabbit 
phosphorylase b and a (21, 23, 24). 

Spectrophotometric Analysis for Pyridoxal Phosphate—To 1 ml 
of 3X crystallized AMP-free (9) phosphorylase 6b, containing 
15.7 mg of protein and having a specific activity of 1410 units 
per mg, was added 1 mi of 0.6 N perchloric acid. The mixture 
was allowed to stand at room temperature for 15 minutes. It 
was centrifuged and the supernate analyzed in the Beckman 
model DU spectrophotometer. The spectrum was also deter- 
mined after neutralization with 8 n NaOH and again after ad- 
justment to 0.1 N base (Fig. 7). 

The absorption spectra are in close agreement with those re- 
ported for pyridoxal phosphate at different pH values by Peterson 
and Sober (25) and those obtained with rabbit muscle phos- 
phorylase (10, 26). Using the molar extinction coefficient at 


295 my for pyridoxal phosphate in 0.1 N HCl from the data of 


Peterson and Sober, it was calculated that 2.05 moles of the 
vitamin Bg derivative are present per mole of human _phos- 
phorylase 6 assuming a molecular weight of 250,000 as found for 
the rabbit enzyme. A similar analysis of human muscle phos- 
phorylase a gave a value of 4.3 moles per mole of enzyme (as- 
sumed mol. wt., 590,000). 

Precipitin Tests in Agar—Human phosphorylase b, and rabbit 
phosphorylase 6 and a when tested against anti-rabbit phos- 
phorylase b serum showed precipitin lines which consistently 
were continuous indicating a reaction of immunological identity 
(Fig. 8). A similar result was obtained when anti-human 
phosphorylase 6 serum was used (not illustrated). 


DISCUSSION 


Comparatively few enzymes have been isolated from human 
tissues. Kubowitz and Ott (27) reported the crystallization of 
pyruvate phosphokinase from human muscle. Meyer et al. (28) 
obtained human salivary amylase in the pure form, and human 
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pancreatic amylase was isolated by Fischer et al. (29) several 
years later. The existence of an increasing number of known 
human diseases in which certain enzymes are missing or defec- 
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Fic. 4. Electrophoretic pattern of crystalline human muscle 0° : — =: 
phosphorylase b in phosphate buffer » = 0.1 pH 7.2. Time of 250 300 = 400 450 | 
electrophoresis = 151 minutes. Field of strength 5.52 volts per ” ; 
em. The Spinco model H electrophoresis apparatus was used. Fic. 7. Spectrophotometric analysis for pyridoxal phosphate. 

To 1 ml of 3X crystallized AMP-free human phosphorylase b 
- (15.7 mg) was added an equal volume of 0.6 N perchloric acid. The 





spectrum of the supernatant solution was determined using the 
Beckman model DU spectrophotometer. Concentrated base was 
added to pH 7.1 then to 0.1 Nn NaOH and analysis repeated after 
each step. 

















Fia. 5. Electrophoretic pattern of crystalline human muscle 
phosphorylase a in phosphate buffer » = 0.1 pH 7.2. Field of 
strength 6.2 volts percm. Time of electrophoresis = 244 minutes. 



























Apparatus as in experiment of Fig. 4. IP 
if 
80 I 
f the Fic. 8. Ouchterlony agar-diffusion system. Center well con- Ih 
phos- tains antiserum to rabbit phosphorylase b. Wells 1 and 4 contain ! 
id for m 60) human phosphorylase b. Wells 2 and 8 contain rabbit phosphoryl- i} 
phos- iS) ase b and a, respectively; Wells 5 and 6, controls. H 
© : i 
§ 40 tive makes it desirable to have enzyme isolation procedures 
abbit 2 worked out so that these proteins will be available for study. 
phos- § Thus, the enzyme, phosphorylase, isolated in the present work 
ently 20: is a protein known to be involved in such a disease (7, 8). 
ntity It has been shown previously from biopsy studies that human 
uni muscle contains approximately one-fourth to one-third the 
Werte pihes: amount of phosphorylase activity found in rabbit muscle (30). 
55 6 65 7 75 A range of 16 to 26 units per mg of protein in muscle extracts 
on made from human biopsy muscle was reported by Schmid et al. i 
uni Sore = faced Feat: peg be bose ar Danis aga Song (5). It is of interest that the human autopsy muscle studied 
ion of taking into account the equilibrium per ong at the different pH here sae favorably with the biopsy material, and for this ' 
1. (28) values (23). The activities are expressed as units per ml of origi- "@@8on constituted a satisfactory source as starting material for 
nal crystalline suspension, the preparation. Data on the phosphorylase content of skeletal | 
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muscle from cases with glycogen-deposition disease have recently 
been reported by Hauk et al. (31). 

An enzyme isolation procedure developed for one species of 
animal is often not directly applicable to another species, and 
in the present investigation it was found that the procedure for 
the isolation of rabbit muscle phosphorylase 6 did not work for 
human muscle. Nevertheless, extensive modifications of the 
rabbit method were not required, and it was possible to make 
use of many of the known properties of the rabbit enzyme in 
working out steps for the isolation of human phosphorylase. 
Human phosphorylase was found to precipitate early with in- 
creasing ammonium sulfate concentrations as is true of the rabbit 
enzyme. The conditions for crystallization of rabbit and human 
phosphorylases b and a proved to be essentially identical. 

There appear to be striking similarities between the human 
and rabbit phosphorylases. In addition to the same conditions 
for crystallization noted above, other properties including the 
pH optima, electrophoretic mobility values, sedimentation con- 
stants, and pyridoxal phosphate content are essentially identical 
within the limits of the methods as applied here. The conver- 
sion of phosphorylase b to a is associated with an increase in the 
sedimentation constants in both instances; for the rabbit enzyme 
this has been shown to be due to a doubling in the molecular 
weight (22). Further work is being undertaken to determine 
whether the sequence of amino acids at the site phosphorylated 
in the phosphorylase b to a reaction (32) is identical for the 
human and rabbit enzymes. Perhaps most remarkable is the 
immunological identity of the human and rabbit enzymes as 
determined by the agar-diffusion method employed here. Fur- 
ther study as to the significance of the absence of demonstrable 
species specificity is warranted. 


SUMMARY 


A method for the purification and crystallization of phos- 
phorylase b from human autopsy skeletal muscle has been de- 
scribed. 

Conversion of human muscle phosphorylase 6 to phosphorylase 
a and crystallization of the latter has been accomplished. 

Human muscle phosphorylases 6 and a both appear as single 
components on ultracentrifugation and electrophoresis. Phos- 
phorylase 6 has a sedimentation constant of 8.67. An increase 
to a value of 13.95 occurs upon conversion to phosphorylase a. 

Assuming a molecular weight of 250,000, human muscle 
phosphorylase 6 contains 2 moles of pyridoxal-5-phosphate per 
mole of the enzyme. Human muscle phosphorylase a has 4 
moles of this coenzyme per mole (500,000 g) of enzyme. 

Human muscle phosphorylase and rabbit muscle phosphorylase 
appear to be immunologically identical as demonstrated on agar- 
diffusion plates. 
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Studies on Actin 
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Under the influence of the early work of the Szent-Gyérgyi 
school (3, 4), it had become generally accepted that myosin-B* 
extracted from muscle with 0.6 m KCl at a slightly alkaline pH 
(Weber-Edsall solution) is essentially a complex of actin and 
myosin. 

Earlier results, showing a decrease in the viscosity and flow 
birefringence of myosin-B solutions on the addition of ATP (5), 
had been interpreted in terms of the dissociation of actomyosin 
into actin and myosin. The light-scattering measurements of 
Blum and Morales (6), suggesting elongation of myosin-B parti- 
cles on the addition of ATP without apparent change in the 
molecular weight, cast serious doubt on the validity of these 
views and prompted a series of investigations on this subject. 

Weber convincingly demonstrated the separation of free myo- 
sin from myosin-B on the addition of ATP (7), but her results 
concerning the simultaneous liberation of F-actin were not quite 
conlcusive. Gergely, in light-scattering experiments, found 
that the molecular weights of both reconstituted and natural 
actomyosin decrease on the addition of ATP, suggesting disso- 
ciation into actin and myosin (8), and the effect of PP? on acto- 
myosin was similarly interpreted (9). Dissociation by ATP of 
a varying portion of particles present in myosin-B solutions has 
been demonstrated recently also by Gellert et al. (10), and von 
Hippel et al. (11) speak about a “cementing substance’ whose 
properties are strongly reminiscent of those of F-actin. 

Although the original view of the Szent-Gyérgyi school has 
thus, at least partially, been reinstated, only a few reports 
indicate, by no means conclusively, the presence of actin in 
myosin-B (12, 13) and the liberation of F-actin from myosin-B 
on addition of ATP (7, 14). 


* This work was supported by grants from the National Insti- 
tutes of Health (H-1166 (C-6-7) and B-2175), the Muscular Dys- 
trophy Associations of America, Inc., The Life Insurance Medical 
Research Fund, and the Massachusetts Heart Association. Pre- 
liminary accounts of this work were presented at the Conference 
on Metabolic Factors in Cardiac Contractility, New York Academy 
of Sciences, March 18 and 19, 1959 (1), and at the Annual Meet- 
ing of the American Society of Biological Chemists, Philadelphia, 
Pennsylvania, 1958 (2). 

+ Present address, Retina Foundation, 30 Chambers Street, 
Boston, Massachusetts. 

t Part of this work was carried out during the tenure of an 
Established Investigatorship of the American Heart Association. 

1The terms myosin-B and natural actomyosin are used inter- 
changeably in this paper; however, in order not to prejudge the 
issues, the former is preferred whenever the nature of natural 
actomyosin is in question: 

? The abbreviation used is: PP, pyrophosphate. 
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In the present paper we present further experimental evidence, 
part of which has been briefly reported elsewhere (1), pointing 
to the presence of actin in natural actomyosin and to the libera- 
tion of F-actin from natural or reconstituted actomyosin in the 
presence of pyrophosphate using fluorescent or radioactive ma- 
terials for labeling the actin component. 


EXPERIMENTAL PROCEDURE 


Myosin-B was prepared by extracting ground rabbit muscle 
with Weber-Edsall solution for 16 hours, with mechanical stir- 
ring, at 2° and purified by precipitation at 0.1 m KCl, followed 
by redissolution in 0.6 m KCl. In experiments with P®-injected 
animals the myosin-B solution prepared as described above was 
dialyzed for 2 days against 50 to 60 volumes of 0.6 m KCl and 
10 m Tris buffer, pH 7.0. The myosin-B preparations were 
clarified by ultracentrifugation at 35,000 x g for 1 hour. 

The preparation of actin and myosin was carried out as de- 
scribed earlier (15). F-actin labeled with C“-ADP was obtained 
by equilibration of G-actin with C™-ATP and subsequent 
polymerization as described earlier (16). 

For the preparation of actin antibody, rabbit F-actin solution 
containing 8.4 mg per ml of protein was mixed with an equal 
volume of an Alo(OH); suspension, and three to five doses, 1 ml 
each, of this mixture were injected subcutaneously into roosters 
within a 4-week period. The serum of the blood taken by car- 
diac puncture was used for precipitation tests. The antigen and 
antiserum were allowed to react at 2° for 18 hours in a mixture 
containing 1.8 m KCl and 0.01 m Tris buffer, pH 7.4. The 
serum was diluted 1:1 with 3.6 m KCl and the antigen was added 
in a series of increasing dilutions. The highest antigen concen- 
tration was 1.5 mg per ml, the lowest 0.003 mg per ml. 1-Di- 
methylaminonaphthalene-5-sulfonyl chloride was prepared as de- 
scribed by Fussgiinger (17) and Weber (18), and its coupling to 
actin was carried out following Tsao’s procedure (19). 

Fluorescent reconstituted actomyosin was prepared by adding 
actin, labeled with 1-dimethylaminonaphthalene-5-sulfony] chlo- 
ride, to myosin in a 1:4 weight ratio, followed by precipitation 
of the actomyosin in 0.1 m KCl to separate it from free actin. 

Myosin-B containing P*-labeled ADP was isolated by the 
usual procedure from a rabbit that had been given P® (total 
activity 3 mc) intravenously 24 hours earlier (20). 

The determination of the specific activity of ADP was carried 
out as described earlier (16) using charcoal adsorption and paper 
chromatographic separation followed by ultraviolet spectro- 
photometry and radioactivity measurements with a Beckman 
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model DU spectrophotometer and an end window Geiger counter, 
respectively. 

Viscosity measurements were made with an Ostwald viscom- 
eter. Light-scattering studies were carried out in a Brice- 
Speiser instrument connected to a Brown recorder. Protein was 
determined by a micro-Kjeldahl procedure or by the biuret 
method. Ultracentrifuge runs were made in a Spinco model L 
centrifuge. 

C'-ATP was obtained from Schwarz Laboratories, Inc. 

The intensity of fluorescent light was measured in an Aminco- 
Bowman spectrophotofluorometer. 


RESULTS 


Isolation of Actin from Myosin-B—Myosin-B, prepared essen- 
tially according to Szent-Gyérgyi, was precipitated in 0.1 m KCl, 
the precipitate was successively washed with 10 volumes of 0.4% 


TaBLe I 
Recovery of actin from reconstituted actomyosin and actin content 
of myosin-B 
Acetone-dried powder was prepared from natural and reconsti- 
tuted actomyosin and extracted with H.O as described in the text. 
The reconstituted actomyosin contained myosin and actin in a 
4:1 weight ratio. 








meron | Rca 
Protein in starting material (mg) 6084 1001 
Protein in H,O extract of acetone pow- 306 42 
der (mg) 
Recovery of actin (per cent of actin 21 
added) 
Calculated actin* content (per cent of 24 
total protein) 











* This percentage was calculated with the use of the recovery 
figure obtained on reconstituted actomyosin. 


TaBLe II 


Nucleotide-protein ratio in various layers after 
centrifugation of myosin-B 

Myosin-B, 12 ml, protein concentration 8 to 10 mg per ml, 
in 0.6 m KCl, 10-? m MgCl:, and 10-? m Tris buffer, pH 7.0, was 
centrifuged at 90,000 X g for 3 hours at 0° with and without 
10-2 m PP. Three successive 3-ml portions were removed from 
the tube and the remainder was taken up in 0.6 m KCl and ho- 
mogenized. Protein concentration was determined in aliquots 
from the four fractions* by the biuret method. Absorption meas- 
urements were carried out on deproteinized aliquots (2.5% per- 
chloric acid) at 260 my and the amount of nucleotides was calcu- 
lated with the use of a value of e269 = 14.7. The data represent 
averages from five experiments. 








Layer | PP free 10-* « PP 
| pmoles per g 
Upper | 4.6 3.0 
Medium 4.1 3.3 
Lower | 4.6 3.3 
Bottom 4.0 5.5 


* In the upper layers 0.5-ml aliquots were used for protein de- 
termination, and 2 ml were deproteinized for ultraviolet measure- 
ments. The high viscosity of the bottom layer made it necessary 
to weigh out aliquots after homogenization. 
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NaHCO; solution and 10 volumes of H.0, and dried with acetone. 
The acetone-dried myosin-B powder was extracted with 30 vol- 
umes of H.O0 (sometimes 10-* m ATP solution was used) for 30 
minutes with stirring at 23°. The extract obtained was a clear 
solution of low viscosity. On the addition of 0.1 m KCl its 
viscosity increased, accompanied by the liberation of inorganic 
phosphate. When the viscous material was added to myosin 
a further, considerable, increase in the viscosity and light 
scattering of the solution was observed. Both changes were 
reversed by ATP. Moreover, the substance increased the 
ATPase activity of myosin at low ionic strength (0.08 m KCl) in 
the presence of Mg++. All these properties of the protein iso- 
lated from myosin-B are characteristic of standard actin. 

The amino acid composition of the protein isolated from 
myosin-B and that of the actin isolated from muscle according 
to the techniques of Feuer et al. and Mommaerts are essentially 
identical® (1) and both differ from that of myosin and tropomyo- 
sin. 

A further proof that the protein isolated from myosin-B is 
identical with actin was obtained from an immunological test 
using chicken anti-actinserum. Precipitation was observed with 
standard G- and F-actin and with the protein isolated from 
myosin-B. The range of antigen concentration for maximal 
precipitate formation was 0.05 to 0.1 mg per ml. No precipita- 
tion took place with myosin or tropomyosin as antigen; neither 
was there a precipitate with myosin-B, or reconstituted actomyo- 
sin, in the presence or absence of ATP or pyrophosphate. 

Actin Content of Natural Actomyosin—When the isolation 
procedure described above was applied to reconstituted actomyo- 
sin of known actin content the recovery of actin was about 20%. 
Assuming the same yield for the isolation of actin from myosin-B, 
the actin content of myosin-B appears to be 20 to 25% (Table 
I). 

Ultracentrifugal Separation of Actin from Reconstituted and 
Natural Actomyosin in Presence of Pyrophosphate—Myosin-B, 
like myofibrils (21), contains ADP in a firmly bound form (20). 
The ADP is presumably bound to the actin component since it 
is known that F-actin contains firmly bound ADP (22). No 
bound ADP has been found in myosin. 

The separation of actin and myosin from natural actomyosin 
in the presence of PP is suggested by the experiment summarized 
in Table II. In this experiment the distribution of ultraviolet- 
absorbing nonprotein material, having a maximal absorption at 
260 my, and that of the protein has been measured to calculate 
the distribution of actin and myosin in various layers after cen- 

trifugation. It will be noted that, although in the absence of PP 
the nucleotide-protein ratio is essentially constant, PP causes a 
marked increase of this ratio in the bottom layer; this suggests 
the preferential sedimentation of dissociated actin. 

A similar separation could be shown with the use of myosin-B 
that contained bound ADP labeled with P® (16). Myosin-B 
containing P®-labeled ADP was centrifuged in the presence of 
10-* m MgCl: and 10-? m PP for 3 hours at 90,000 x g. After 
centrifugation the specific activity of the sediment, expressed as 
c.p.m. per g of protein, was about six times higher than that of 
the supernatant, suggesting a differential sedimentation of F- 
actin (Table III). 


3 According to Noda and Maruyama (14) the proline-arginine 
ratio in a protein extracted from the ultracentrifugal sediment of 
ATP-treated natural actomyosin, having the general properties 
of actin, agrees with that found in actin. 
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TaBLeE III 
The dissociation of myosin-B into actin and myosin 
in presence of pyrophosphate 

Myosin-B, 33 ml, in 0.6 m KCl, 107? m MgCl, and 10-? m Tris 
buffer, pH 7.0, was centrifuged at 90,000 X g for 3 hours at 0° 
with and without 10-2? m PP. The. supernatant was separated 
from the sediment, and, after protein determination, it was 
deproteinized with 5% trichloroacetic acid. The sediment was 
taken up in 0.6 m KCl and 5% trichloroacetic acid was added. 
The nucleotides in the protein-free samples were adsorbed on 
charcoal and, after elution, the radioactivity was measured as 
described earlier (16). The data represent the average of two 
experiments. 



































After ultracentrifugation 
Initial 
Supernatant Sediment 
Total radioactivity (¢.p.m.) 1155 428 727 
Total protein (mg) 282 221 61 
Specific activity (c.p.m. per 4.1 1.9 11.9 
mg of protein) 
Total actin (mg) 56.5 20.9 35.6 
Total myosin (mg) 225.5 200.1 25.4 
Myosin (as per cent of total 100 89 11 
myosin) 
Actin (as per cent of total 100 37 63 
actin) 
Zz 
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Fic. 1. Distribution of radioactivity after ultracentrifugation 
of myosin-B labeled with ADP*®*. Myosin-B dissolved in 0.6 m 
KCl, 10-? m Tris buffer, pH 7.0, and 10-* m MgCl. was centrifuged 
at 90,000 X g for 3 hours in a Spinco preparative ultracentrifuge 
in the presence and absence of 10°? m PP. Protein concentration 
was9 mg per ml. Total volume was 34 ml. Temperature was 5°. 
The centrifuge was slowly decelerated without the use of the 
brake, and three successive layers of 10 ml each were carefully 
removed from the tubes with a syringe. Determinations of the 
protein concentration, by the biuret method, and of the radioac- 
tivity, with the use of the charcoal adsorption procedure, were 
carried out in the three upper layers, and values for the residual 
sedimented material were calculated as the difference between the 
total amount of protein and radioactivity present in the original 
material and that recovered in the three upper layers. Ordinate: 
specific activity expressed as c.p.m. per gm of protein. Abscissa: 
the numbers indicate the successive layers, 1 being the upper 
layer and 4 the fraction remaining in the tube after the removal 
of the three 10 ml layers. A, with pyrophosphate; B, without 
pyrophosphate. 
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TaBLe IV 
The dissociation of reconstituted actomyosin into myosin 
and actin in presence of pyrophosphate 

C14-ADP-labeled actin was prepared by adding 3 mg of C'*-ATP 
(specific activity 0.57 ue per mg) to 60 mg of G-actin, followed by 
incubation at room temperature for 30 minutes. The actin was 
polymerized in the presence of 0.1 m KC] at room temperature for 
2 hours and dialyzed for 2 days against 0.1 m KCl, pH 7.8, to re- 
move free nucleotides. C!*-ADP-labeled F-actin, 40 mg, was 
added to 160 mg of rabbit skeletal myocin in 0.6 m KCl. Acto- 
myosin was precipitated in 0.1 m KCl, and was redissolved in 
20 ml of 0.6 m KCl containing 0.01 m Tris buffer, pH 7.5, 10-* m 
PP, and 10-*m MgCl. The final protein concentration was 10.4 
mg per ml. Actomyosin, 10 ml, was centrifuged at 90,000 x g 
for 3 hours. The top 7.2 ml of supernatant were removed and 
the bottom layer was diluted with 0.6 m KCl to a measured vol- 
ume. The protein concentration was determined in the two lay- 
ers, and radioactivity was measured after removal of the protein 
with 5% trichloroacetic acid in the original solution and in the 
two layers. 

















After centrifugation 
Before cen- 
trifugation 
Supernatant | Bottom layer 
Protein concentration (mg 10.4 7.9 15.4 
per ml) 
Radioactivity (c.p.m. per ml | 2305 566 8040 
of solution) 
Specific activity (c.p.m. per | 222 71 522 
mg of protein) 
Actin concentration (mg per 2.08 0.51 7.24 
ml) 
Myosin concentration (mg 8.32 7.39 8.16 
per ml) 
Per cent of total myosin | 100 71 19.6 
Per cent of total actin 100 19.6 69.8 








An essentially identical interpretation can be given to the ex- 
periments in which the distribution of radioactivity and protein 
concentration in various layers of the centrifuged material was 
investigated. Fig. 1 clearly shows that in the absence of PP the 
specific activity is the same in each layer, whereas addition of PP 
leads to an increase in the lower layers attributable to the dif- 
ferential sedimentation of free actin. 

The advantage of using labeled actomyosin lies in the fact that 
the sensitivity of the determinations can be increased and the 
possible interference of other ultraviolet-absorbing perchloric 
acid soluble substances is eliminated. 

To study reconstituted actomyosin, C“4-ADP-containing F- 
actin was mixed with myosin in a 1:4 weight ratio. The acto- 
myosin was precipitated in 0.1 m KCl and the precipitate, 
redissolved in 0.6 mM KCI solution containing 10-? m PP and 10-* 
M MgCl, was ultracentrifuged for 3 hours at 90,000 x g. 

As shown in Table IV the radioactivity of the upper layer 
decreases to a larger extent than the protein concentration, pro- 
ducing a considerable drop in the specific activity of the protein 
present in the supernatant. Corresponding changes in the op- 
posite direction were found in the bottom layer. Since the 
radioactive material is attached to the actin component of the 
system, its distribution reflects the distribution of actin. From 
the changes in the protein concentration and radioactivity it can 
be calculated that the myosin-actin ratio increases from 4 to 
14.5 in the upper, and decreases to 1.13 in the lower layer as a 
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result of centrifugation in the presence of PP. This clearly 
shows that in the presence of PP myosin and actin sediment 
fairly independently, suggesting the dissociation of actomyosin. 

Separation of Dimethylaminonaphthol Sulfonyl Actin from Re- 
constituted Actomyosin—Tsao reported (19) that 1-dimethyl- 
aminonaphthalene-5-sulfonyl chloride can be linked to actin with- 
out destroying its polymerizability and its ability to combine 
with myosin. F-actin labeled with 1-dimethylaminonaphthalene- 
5-sulfonyl chloride was added to myosin and centrifuged in 
the presence of 5 X 10-* m PP and 10-* m MgCl: for 3 hours at 
90,000 x g. The protein concentration and fluorescence of the 
starting material and ultracentrifugal supernatants were meas- 
ured (Table V). If one attributes the decrease of fluorescence to 
the sedimentation of actin, it can be calculated that the original 
myosin-actin ratio of 3.0 increases to 14.1 in the ultracentrifugal 
supernatant and decreases to 0.21 in the sediment. 

Salting Out Experiments—The salting out maxima of actin, 
actomyosin, and myosin are around 20, 30, and 40% (NH4)2S0, 
saturation, respectively (23). On addition of PP to myosin-B 
its salting out peak disappears and two peaks, roughly corre- 
sponding to myosin and actin, appear (1). The salting out curve 
of a preparation of reconstituted actomyosin containing fluores- 
cent actin showed the same precipitation zone as myosin-B, and 
in the presence of PP two salting out maxima appeared around 
20 and 40% (NH4,)2S0O,, respectively, with a higher fluorescence- 
protein ratio in the first peak (Fig. 2). 

The material precipitating at about 40% (NH,)2SO, satura- 
tion was characterized in the following way. To a myosin-B 
solution containing 5 X 10-* m PP and 10-* m MgCle, ammo- 
nium sulfate was added to 25% saturation and the precipitate 
formed was removed by centrifugation for 10 minutes at 10,000 
xg. The supernatant, after the removal of ammonium sulfate 


TABLE V 


Ultracentrifugal separation of dimethylaminonaphthol sulfonyl 
actin from reconstituted actomyosin in presence 
of pyrophosphate 

1-Dimethylaminonaphthalene-5-sulfonyl chloride-labeled actin 
was combined with myosin in a 1:3 weight ratio in 0.6 m KCl, 
5 X 10-3? m PP, and 10-* m MgClo, and centrifuged at 90,000 X g 
for3 hours. Total volume of the samples was 9 ml. The protein 
concentration and fluorescence of the starting material and the 
ultracentrifugal supernatant were measured. The concentrations 
of myosin and actin in the supernatant were calculated from the 
decrease in protein concentration and fluorescence assuming that 
the decrease in fluorescence was proportional to the amount of actin 
sedimented. The ratio of myosin to actin in the pellet was taken 
as the ratio of decrease of myosin and actin concentration after 
centrifugation. 











Control After ultracentrifugation 
(without 
ultracen- 
trifugation) | Supernatant Pellet 
Protein concentration (mg 7.0 5.3 
per ml) 
Fluorescence (arbitrary | 100 21 
units) 
Actin concentration (mg per 1.75 0.35 
ml) 
Myosin concentration (mg 5.25 4.95 
per ml) 
Myosin-actin ratio 3.00 14.1 0.21 
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Fia. 2. Differential salting out diagram of reconstituted acto- 
myosin containing dimethylaminonaphthol sulfonyl] actin in the 
presence and absence of pyrophosphate. Actomyosin was pre- 
pared by mixing dimethylaminonaphthol sulfonyl actin and myosin 
in a 1:3 weight ratio. The actomyosin was precipitated once at 
low ionic strength and dissolved in 0.6 m KCl. The salting out 
was carried out in the presence of 0.6 m KCl, 10-3 m MgCle, 0.12 u 
PO, buffer, pH 7.0, at 0°. Protein concentration was 0.72 mg 
per ml. After equilibration with ammonium sulfate for 24 hours, 
at the saturation indicated on the abscissa, the precipitate was 
centrifuged at 20,000 X g for 30 minutes. The optical density 
of the supernatant was measured in a Beckman model DU spectro- 
photometer at 280 my, and its fluorescence in a microfluorometer 
at 500 my using light having a wavelength of 350 my for activation. 
Abscissa: per cent saturation with (NH,)2SO,. Lower ordinate: 
stepwise decrease in optical density of the supernatant on in- 
creasing the (NH,).SO, saturation by 5%, expressed as A ODoxg X 
100/A [% (NH4)2SO,.]. Upper ordinate: stepwise decrease in the 
intensity of the fluorescence (J;) of the supernatant, expressed as 
AI;/A4 [% (NH4)2S0,], in arbitrary units, on increasing the (NH,)- 
SO, saturation by 5%. Key: O, O, no pyrophosphate; @, @, 
10-2 m pyrophosphate. 


by dialysis, showed, on the addition of actin, an increase in 
light scattering which was abolished by 10-5 m ATP; this sug- 
gests the presence of free myosin in the supernatant. 


DISCUSSION 


The results presented in this paper, taken in conjunction with 
earlier, often less direct, evidence (3-5, 7-9, 12-14), leave 
little doubt that (a) actin is indeed present in natural acto- 
myosin (myosin-B) and (6) PP causes dissociation of natural 
and reconstituted actomyosin into F-actin and myosin. In view 
of the well known similarities between the effect of PP and 
ATP on natural and reconstituted actomyosin, dissociation of 
actomyosin into actin and myosin by ATP can be considered 
equally assured. The use of PP has the obvious advantage of 
there being no enzymatic decomposition by the myosin ATPase. 

On the basis of our data the presence of actin in natural 
actomyosin rests now on preparative, immunological, and ana- 
lytical evidence in addition to the earlier, indirect ones (effects 
on enzymatic and physicochemical properties of myosin) . also 
confirmed by us. 

The actin content of natural actomyosin turns out to be 2% 
to 25%. This value is based on the amount of polymerizable 
protein extracted from an acetone-dried powder of natural ac- 
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tomyosin, corrected for the preparative losses determined on a 
reconstituted actomyosin, of known actin content subjected to 
the same preparative procedure. It should be pointed out that 
the myosin and actin content of natural actomyosin roughly 
corresponds to the myosin-actin ratio in whole muscle (24) and 
to the stoichiometry of the myosin-actin combination in vitro 
(12, 25, 26). 

In the ultracentrifugal experiments designed to demonstrate 
the separation of actin from myosin on addition of PP, the 
use of labels specifically attached to actin, as well as the uti- 
lization of the ultraviolet absorption of the ADP bound to F- 
actin, circumvents previous difficulties (7, 14) encountered in 
the identification of actin as the rapidly sedimenting moiety. 
Both in the case of reconstituted actomyosin, the F-actin having 
been labeled either by a fluorescent (1-dimethylaminonaphthalene 
5-sulfony] chloride) or radioactive (C'-ADP) marker, and natural 
actomyosin, the marker being P®-ADP, a considerable differ- 
ential accumulation of actin in the sediment could be dem- 
onstrated. Salting out curves of the PP-treated actomyosin, 
both natural and reconstituted, reveal the appearance of myosin 
and actin, in contrast with the single peak, characteristic of 
actomyosin, observed before addition of PP. Salting out anal- 
ysis carried out on actomyosin containing 1-dimethylamino- 
naphthalene-5-sulfonyl chloride-labeled actin shows an accumu- 
lation of the fluorescent material in the actin peak after 
addition of PP. The results of our salting out experiments are 
at variance with those of Sasaki (27) who failed to obtain con- 
clusive evidence for the dissociation by PP of either natural or 
reconstituted actomyosin. A possible explanation for this dis- 
crepancy might be sought in differences in the methods of pro- 
tein preparation and determination. 

The residual radioactivity, fluorescence, and adenine ultravi- 
olet absorption in the upper layer after centrifugation of PP- 
treated actomyosin preparations can be attributed to the incom- 
plete removal of F-actin under the conditions of the experiment, 
viz., in the presence of a fairly high concentration of myosin. 
The possibility of some interaction between myosin and actin, 
even in the presence of PP, is suggested by the presence of 
fluorescent material in the myosin peak of the salting out curves. 


SUMMARY 


Actin has been isolated from myosin-B (natural actomyosin) 
and characterized by its chemical and immunological properties 
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and its reaction with myosin. The dissociation of natural and 
reconstituted actomyosin by pyrophosphate has been demon- 
strated by means of salting out and ultracentrifugal techniques. 
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It has been repeatedly shown that myosin or actomyosin (1, 2) 
contain small amounts of phosphate, in less than 1 mole per 
mole ratio. Recently Brahms and his associates reported that 
the amount of bound phosphate in frog myosin (3) or rabbit 
H-meromyosin (4), defined as the amount of inorganic phosphorus 
found in the isoelectric or ammonium sulfate precipitate of these 
proteins, increases during the splitting of adenosine triphosphate, 
reaches a maximum, and returns to its original value when all 
the adenosine triphosphate has been split. They suggested that 
the increase in bound phosphate is due to the presence of a 
phosphorylated protein intermediate. 

According to Drabikowski (5), Pi added to myosin and other 
proteins appears to be bound when the proteins are precipi- 
tated. In view of this fact it appeared of interest to rein- 
vestigate the relationship of P-binding and ATPase activity with 
the well characterized myosin of the rabbit; it also seemed that 
by using P® a clearer answer might be obtained to the ques- 
tion whether bound phosphate originates in ATP. Our results 
confirm those of Brahms et al. (3, 4) as regards the apparent 
P-binding during the course of the ATPase reaction. We found, 
however, that this can be ascribed to the binding of P; which 
is enhanced by the presence of ATP. The isotope experiments 
strongly suggest that the P found in the precipitated myosin 
originates in P; and is not directly derived from ATP. 


EXPERIMENTAL PROCEDURE 


Rabbit myosin, actin, and tryptic meromyosins were prepared 
according to the usual procedure in this laboratory (6). The 
determination of the bound P was carried out as follows: Myo- 
sin was precipitated at 0° by adding 5.0 ml of 0.2 m acetate 
buffer, pH 4.0; the precipitate was centrifuged at 18,000 x 
g for 20 minutes and washed three times with 5.0 ml of 0.3 
m KCI-0.1 m acetate buffer solution, and finally extracted with 
2 ml of 10% trichloroacetic acid (3). When comparisons with 
meromyosins were made (NH,)2SO, was added to 55% satura- 
tion to precipitate the proteins, and the precipitates were then 
washed with 55% saturated (NH,)2SO, (4). Pi determinations 
were carried out on the trichloroacetic acid supernatant with 
the use of the method described by Horwitt (7) or Marsh (8). 


* This work was supported by grants from the National Heart 
Institute (H-1166 (C-7)), The Muscular Dystrophy Associations 
of America, Inc., and The Life Insurance Medical Research Fund. 

+ Research Fellow of the Helen Hay Whitney Foundation (1959- 
1961). On leave from the Biological Institute, College of General 
Education, University of Tokyo, Meguro, Tokyo, Japan. 


The ATPase reaction was carried out in the following system: 
0.6 m KCl, 0.02 m Tris buffer, pH 7.4; 3 mm CaCl; or 2 to 
20 mm MgCl, and 1 to 10 mm ATP in a total volume of 5.0 
ml. The reaction was stopped by precipitating the protein as 
described above, the precipitate subjected to the bound P; anal- 
yses, and the P; liberated determined in the protein-free su- 
pernatant by the Fiske-SubbaRow method (9). 

For radioactivity measurements samples were placed in stain- 
less steel cups and counted with an end window Geiger counter, 

Crystalline disodium ATP was obtained from Pabst Labora- 
tories, Milwaukee, and p-chloromercuribenzoate from Sigma 
Chemical Company, St. Louis. 


RESULTS 


As the cleavage of ATP by rabbit myosin proceeds the phos- 
phate found in the precipitated myosin increases until about 
70% of the ATP is cleaved, and then gradually decreases, reach- 
ing a final value when all the ATP is hydrolyzed that is still 
somewhat higher than the initial one (Fig. 1). This pattern 
is quite similar to that found for frog myosin (3) and rabbit 
H-meromyosin (4). However, this phosphate-binding cannot be 
directly correlated with the ATPase activity. Considerable 
phosphate-binding took place even when the ATPase activity 
was reduced by treatment with p-chloromercuribenzoate or Cu- 
SO,, or by heat inactivation, if P; was added to the reaction 
mixture (Table I). Table I also shows that even when no ATP 
cleavage takes place the presence of ATP increases the binding 
of P; to myosin. The effect of ATP on the P;-binding showed 
a concentration dependence, the maximum being reached at 
about 10 mm ATP (Fig. 2). Among the tested nucleotides ATP 
and ADP were the only effective ones in increasing the P- 
binding, but ADP was less effective than ATP (Table II). 

The increase in P-binding on addition of ATP was also ob- 
served with both meromyosins. The P-binding to H-meromyo- 
sin wasincreased 3.5-fold, that to L-meromyosin 2.7-fold. These 
values are in the same range as those for myosin, viz., 2 to 
4. No increase was found in the case of actin. 

The remote possibility remained that the P-binding in the 
presence of ATP, even when there was no ATPase activity, 
might represent a direct transfer of P from ATP. If the bound 
phosphate came directly from ATP its specific activity should, 
in the presence of added P;*, be lower than that of the total 
P. As shown in Table III no difference between these specific 
activities was brought about by the presence of ATP. 
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Fic. 1. Binding of inorganic phosphate to myosin during the 
cleavage of ATP. These experiments were carried out in the 
presence of 3 mm CaCl: and 3.5 mm ATP; myosin concentration, 
4mgperml. Other details of ATPase assay and of the determina- 
tion of bound P are described under ‘Experimental Procedure.”’ 
Left ordinate: liberation of Pj. Right ordinate: bound phosphate. 
O, Liberation of Pi; @, binding of P. Abscissa: time of incuba- 
tion. 


TABLE I 
Effect of inhibition of ATPase activity on 
phosphate-binding of myosin 

Conditions as described in the legend of Fig. 1, but Mg** as 
indicated in the table, and, in the binding experiments, each 
tube contained 20 umoles of Pi. Incubation was for 10 minutes. 
The details of the determination of P; liberation and of the bound 
P are described under ‘‘Experimental Procedure.” 



































| Moles of Pj per 10° g of 
sa myosin P; 
Additions liberation* 
—ATP +ATP 
pmoles 
None 1.5 2.8 15.3 
20 umoles of Mgt* 2.5 4.3 1.3 
20umoles of Mgtt OF |) “ee 0.0 
20 umoles of Mg** + 5 umoles of | 
p-chloromercuribenzoate se a Pe | 0.1 
20 umoles of Mg** + 10 umoles of 
CuSO, 1 4 2.5 0.0 
* The ATPase activity was measured in the absence of added 
Py. 
t Myosin preheated for 5 minutes at 60°. 
5 5} 
o 
Sat 
~ 
a m | " 
3 
@ 2 
w” 
Ww 
3 15 


10 
[ATP], mM 


Fic. 2. Effect of ATP concentration on the binding of inorganic 
phosphate to myosin. Each tube contained 0.6 m KCl, 20 mu 
MgCl., 0.02 m Tris buffer, 20 mg of myosin, 4 mm P;, and ATP as 
indicated on the abscissa, in a total volume of 5.0 ml. The mix- 
ture was incubated for 5 minutes at 23° and pH 7.4. For details 
of the determination of bound P see ‘‘Experimental Procedure.” 
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TaBLe II 
Effect of several nucleotides on phosphate-binding of myosin 
Each tube contained 0.6 mM KCl, 20 mm MgCl, 0.02 m Tris buffer, 
10 mg of myosin, 20 umoles of P;, and the nucleotide concentration 
was 10 mM in a total volume of 5.0 ml. Incubation for 5 minutes 








at 23°. The details of the determination of the bound P are de- 
scribed under ‘‘Experimental Procedure.” 
Nucleotide Moles of m oooh Aad 10° g 

None 1.2 

IDP 2.0 

ITP 1.5 

AMP 1.5 

ADP 3.1 

ATP 6.0 








Taste III 
Binding of P** to myosin 

Each tube contained 0.6 m KCl, 0.02 m MgCle, 0.02 m Tris buffer, 
and 50 mg of myosin, in a total volume of 5ml. P®# with a total 
radioactivity of 1.47 X 10° c.p.m. was added. Other additions 
as indicated in the table. The mixture was incubated for 20 
minutes at pH 7.4 and 23°. At the end of the incubation period 
the total and bound P and the radioactivity were determined as 
described under ‘‘Experimental Procedure” 














Additions 
20 umoles of | 40 umoles of = ~ ng 4 
Pi ATP | moles of Pi 
P; in reaction mixture 
Total amount (umoles) 19.0 8.0 27.4 
Specific activity (c.p.m. X 0.8 1.8 0.54 
10-5 per umole) 
Bound P; 
Amount (moles per 10° g of 1.8 1.0 3.4 
protein) 
Specific activity (¢.p.m. X 1.2 1.6 0.50 
10-5 per umole) 











DISCUSSION 


These experiments clearly show that the increase in the amount 
of P; found in a washed myosin or meromyosin precipitate dur- 
ing the hydrolysis of ATP can be accounted for in terms of 
P;-binding which is enhanced by the presence of ATP. The 
same amount of bound P is found when P; is added in the 
presence of ATP, in a concentration corresponding to that pro- 
duced during ATP hydrolysis but the splitting is actually pre- 
vented by Cu*++ or mercurials. The transient increase of P- 
binding during the ATPase reaction can also be explained on 
this view; as P; is produced and ATP is still present in suffi- 
cient amounts the binding increases, but as the ATP is depleted 
the P-binding decreases again. That the final value is some- 
what higher than the initial one can be ascribed to the weaker 
effect of ADP on P-binding (cf. Table IT). 

The ATP-enhanced Pj-binding is somewhat inhibited by p- 
chloromercuribenzoate or CuSO,. This might be related to the 
observation of Brahms and Kakol that an increase in bound 
P; corresponded to a decrease in the SH content of myosin (3), 
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and suggests the involvement of SH groups in this type of P- 
binding. Also, this type of P\-binding might be closely related 
to the previous finding of Buchthal et al. that ATP increases 
P; uptake of denatured actomyosin (1). 

Experiments with P® do not suggest a direct transfer from 
ATP, even if not related to hydrolysis, as the basis for the 
increased P; in washed myosin precipitates. This ATP-enhanced 
P;-binding was also observed with L-meromyosin devoid of ATP- 
ase activity. However, it is to be noted that the P,-binding 
of serum albumin (cf. 5) and actin was not enhanced by ATP. 

It would appear that experiments of this type cannot con- 
tribute to the problem of the participation of a phosphorylated 
protein intermediate in the ATPase reaction, the existence of 
which is suggested by the recent findings of Levy et al. show- 
ing O* exchange between H,O” and the phosphate formed in 
the hydrolysis of ATP by myosin and actomyosin (10). 


SUMMARY 


The binding of phosphate to myosin in the course of the 
cleavage of adenosine triphosphate can be ascribed to the bind- 
ing of inorganic phosphate enhanced by adenosine triphosphate. 
Experiments with the use of P-labeled inorganic phosphate 
suggest that the bound phosphate does not originate in aden- 
osine triphosphate and is thus not related to the postulated 
phosphorylated intermediate of adenosine triphosphatase reac- 
tion. 
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Note Added in Proof—Two recent papers by Gruda, Kakol and 
Rzysko (Bull. Ac. Pol. Sci. 8, pp. 129 and 133, 1960) having a 
bearing on the subject matter of this communication have come 
to our attention. These authors describe studies on the binding 
of P; to myosin, H-meromyosin, and reconstituted actomyosin, 
with the use of both P;*- and P®-labeled ATP. They conclude 
that their data support the view that P bound to myosin and 
H-meromyosin is directly derived from ATP. However, inspec- 
tion of their data with P;* clearly shows that P; becomes bound, 
and the experiments with ATP® are difficult to evaluate because 
of the correction that should be made for the binding of ATP to 
the protein (cf. ref. 5 of this paper). 
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The experiments to be reported in this communication were 
undertaken in an attempt to explain the decrease in enyzmatic 
activity and alteration in chromatographic behavior observed 
when ribonuclease was incubated in 8 m urea at 40° for several 
hours. These effects were noted during the course of an investi- 
gation of the influences of denaturing agents (1) on the reaction 
of iodoacetate with ribonuclease (2). It was found that when 
control solutions, which contained no iodoacetate, were main- 
tained in 8 M urea at 40° and then dialyzed to remove urea, chro- 
matography on IRC-50 (Hirs et al. (3)) revealed a large unex- 
pected peak on the effluent curve in a position just ahead of that 
normally assumed by ribonuclease A. From the position of the 
new peak, it seemed likely that, in the urea solution, a chemical 
reaction had taken place which had rendered the protein less 
basic. Upon amino acid analysis of an acid hydrolysate of a 
sample of ribonuclease that had thus been incubated with urea, 
the lysine content was found to be less than that of ribonuclease 
A and, in addition, a new peak appeared on the effluent curve 
from the ion exchange column just in front of and partly over- 
lapping the position of valine when the column was operated at 
50° (4). The amount of this new amino acid increased and the 
amount of lysine concomitantly decreased as the time during 
which ribonuclease was exposed to urea was lengthened. It was 
thus apparent that a chemical reaction involving the lysine resi- 
dues of ribonuclease was taking place. 

These findings prompted the hypothesis that the observed loss 
of lysine had come about as a result of carbamylation of the 
«amino groups by cyanate in the urea solution. It has long been 
known that urea and ammonium cyanate comprise an equilibrium 
pair. Knowledge of the interrelation between these two sub- 
stances began with the historic synthesis of urea from ammonium 
cyanate by Wohler in 1828 (5). In 1895, Walker and Hambly 
(6) showed that this reaction was reversible, and more recently, 
Warner (7) concluded that cyanate was the sole intermediate in 
the hydrolysis of urea to ammonium carbonate. From the 
studies of Dirnhuber and Schiitz (8), it would appear that at 
equilibrium an 8 M urea solution more alkaline than about pH 6 
would be 0.02 m in respect to cyanate. 

If cyanate is present in a urea solution, reaction with amino 
and sulfhydryl groups of proteins is to be expected. The car- 
bamylation of the a-amino groups of amino acids by cyanate is 
well known. For example, Nye and Mitchell (9) synthesized 
carbamyl aspartic acid in good yield by allowing equimolar 
amounts of the monopotassium salt of the amino acid and KNCO 
to stand in aqueous solution at room temperature. In 1949, 
Schiitz (10) stated that cyanate would react readily with the 


amino and sulfhydryl groups of amino acids, although he gave no 
data, and suggested that the same reaction might also occur with 
proteins. Christensen (11) and, more recently, Karush (12) 
have suggested that the disappearance of protein sulfhydryl 
groups in urea solutions may sometimes be a result of reaction 
with cyanate. 

In view of these observations in the literature, and of the ef- 
fects noted with ribonuclease, experiments have been performed 
to evaluate in detail the possibility that cyanate may react with 
amino and sulfhydryl groups in proteins. 


EXPERIMENTAL PROCEDURE 


Materials—Crystalline bovine pancreatic ribonuclease was ob- 
tained from the Sigma Chemical Company, glutathione from the 
Worthington Biochemical Corporation, and cysteine-HCl (an- 
hydrous, C.P.) from the Amend Drug and Chemical Company, 
Inc.; 8-lactoglobulin was the same sample used in previous ex- 
periments (13). The urea (Mallinckrodt) and KNCO (J. T. 
Baker Chemical Company) were reagent grade. These materials 
were all used without further purification. 

Homocitrulline (e-carbamyllysine) was prepared from lysine by 
the procedure of Stevens and Ellman (14), who employed the 
copper salt method which Kurtz (15) had originally described for 
the synthesis of citrulline from ornithine. The synthetic product 


contained no ash and no solvent of crystallization after drying in 
a vacuum desiccator over P.Os. 


C;His03N3 (189.2) 


Calculated: C 44.43, H 7.99, N 22.21 
Found: C 44.20, H 8.12, N 22.31 


S-Carbamylcysteine was synthesized by the addition at room 
temperature of 1.2 equivalents of ammonium cyanate (freshly 
prepared from KNCO by ion exchange on Dowex 50-X4) to a 
solution of 20 mmoles of cysteine hydrochloride which had been 
neutralized with NH,OH. The solution was maintained be- 
tween pH 6 and 7 for about 15 minutes by the addition of glacial 
acetic acid, at which time the reaction mixture had ceased to be- 
come more alkaline, indicating that all —SH groups had reacted 
with the cyanate. The reaction mixture was then poured into a 
solution of 20 mmoles of silver acetate in water. The precipi- 
tated silver chloride was removed by filtration and the resulting 
solution was concentrated by evaporation at low temperature and 
lyophilized to remove ammonium acetate. The residue ob- 
tained was taken up in water and lyophilized again; repetition of 
this step yielded about 3 g of a white solid. The compound was 
crystallized by dissolving the amorphous sample (500 mg) in 8 ml 
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of water at room temperature and adding 6 ml of acetone in 1 
ml-increments. The crystals were collected and dried in a vac- 
uum desiccator over P,O;. The material was hygroscopic and 
contained no ash [a]} —10.3° (1% in water). 


C.HsN:0,8 (164.2) 


Calculated: C 29.3, H 4.91, N 17.1, 8 19.5 
Found: C 29.2, H 4.84, N 17.1, 8 19.3 


S-Carbamylcysteine decomposes at 162° (uncorrected) with vig- 
orous evolution of gas and a strong odor of HS. When an at- 
tempt was made to recrystallize it from hot water, a gummy de- 
posit resulted which could not be solidified. Probably a chemical 
change had occurred on heating. 

Assays of Ribonuclease Activity—Ribonuclease activity was de- 
termined with 2’ ,3’-cyclic cytidylic acid as substrate by the titri- 
metric method of Davis and Allen (16) as modified in these lab- 
oratories by Dr. A. M. Crestfield. 

Amino Acid Analyses—Samples were hydrolyzed with 6 nN HCl 
for 22 hours at 110° in evacuated sealed tubes. The amino acid 
analyses were carried out with the aid of the automatic recording 
equipment described by Spackman et al. (17). To separate ho- 
mocitrulline completely from valine, the 30°-50° system recom- 
mended for physiological fluids (cf. (17), Fig. 9) was employed 
except that the eluent and temperature changes were made at 
280 ml (just after the alanine peak). The constant used for the 
integration of the homocitrulline peak was 35.1 (the leucine con- 
stant was 28.9 in the same system). 

To calculate the molar ratios given in Table I, the average 
pmoles of glutamic acid and alanine found were assumed to be 
equal to 12.0 residues in accordance with the known number of 
each of these residues in ribonuclease (18). 

Carbamylation of Ribonuclease—The enzyme (3 mg per ml) 
was incubated with urea or cyanate under the conditions speci- 
fied in Table I, and at the close of the reaction period, the solu- 
tion was dialyzed at 4° for about 48 hours. The resulting solu- 
tion was concentrated on a rotary evaporator and made to a 
known volume with water. Small amounts of insoluble ma- 
terial were removed by centrifugation. 

Reaction of Cyanate with Sulfhydryl Groups of Cysteine and 
Glutathione—Cysteine, 10 mM, or glutathione, 8.7 mM, were 
allowed to stand in 0.1 m KNCO at pH 7.4 and 25° for varying 
lengths of time. The reaction was stopped by pipetting 0.5- 
ml aliquots of the reaction mixture into 9.5 ml of 1 mm N-ethyl- 
maleimide in 0.1 m phosphate buffer at pH 7.4 and the concentra- 
tion of —SH groups remaining was then estimated spectrophoto- 


TABLE I 
Carbamylation of ribonuclease by cyanate 




















Experiment a adie % of 
original 
specific 

No. Conditions Lysine® |_Homo-_jactivity 
1 | « KNCO, pH 8.1, 50°, lhr........| 3.4 6.7 10 
2 | 8m urea (fresh), 25°, 72 hrs........ 9.4 0.5 85 
3 | 8M urea (first heated 100°), 25°, 72 

AY I ya PL SMA cet ar 5.3 4.7 35 
4 | 8m urea (heated, acidified, neutral- 
daed);) 20") 72 Bae 25.05 9.6 0.3 98 











* Ribonuclease A contains 10 lysine residues per molecule (18). 
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metrically (cf. Alexander (19)). A control experiment with 0.1 
M cyanate in buffer showed no significant difference in absorb- 
ancy at 300 mu when compared with buffer alone. The rates of 
disappearance of the —SH groups of cysteine and glutathione at 
pH 7.4 in the absence of cyanate were less than 5% of that ob- 
served in the presence of cyanate. 

Reaction of Cyanate with Sulfhydryl Groups of 8-Lactoglobulin— 
The protein (15% solution) was allowed to stand at 25° in 0.1 
M phosphate buffer at pH 7.4, in a freshly made phosphate 
buffer-8 mM urea mixture, and in a phosphate buffer-8 m urea 
mixture 0.1m in KNCO. The —SH content was determined as 
described in the previous section, except that a correction was 
made for the absorbancy of the protein at 300 mu. 


RESULTS 


Carbamylation of Ribonuclease—The ability of cyanate to 
react with ribonuclease is demonstrated by the data given in 
Experiment 1, Table I. After a 1-hour exposure to molar cy- 
anate at 50° and pH 8.1, 90% of the enzymatic activity had 
been lost. Chromatography of such reaction mixtures on IRC-50 
showed that the amount of material emerging at the ribonuclease 
A position progressively diminished as the extent of carbamyla- 
tion increased. The newly formed derivatives appeared to be 
to be more acidic and were eluted near the interstitial volume of 
the column. Amino acid analysis of the unfractionated reaction 
product (Experiment 1, Table I) revealed a loss of 6.6 of the 
10 lysine residues per molecule originally present in the prepara- 
tion, and also demonstrated the existence on the elution curve of 
a new peak just ahead of and partially overlapping valine when 
the usual 50° system was employed. The analytical values for 
the amino acids other than lysine were unaffected by the cyanate 
treatment. 

It seemed highly probably that the new peak could be ascribed 
to homocitrulline simply on the basis of the well known chemical 
reactivity of cyanate, coupled with the diminution in lysine 
content of the treated protein. Support for this presumption 
came from a comparison of the chromatographic behavior of the 
unknown substance with that of an authentic sample of homo- 
citrulline. When chromatographed with a standard mixture of 
amino acids in the system employed by Spackman et al. (17) for 
the amino acid analysis of proteins, homocitrulline emerged at 
exactly the same position as the new peak from the cyanate- 
treated ribonuclease. When the conditions of chromatography 
were changed in order to resolve homocitrulline and valine com- 
pletely, as is shown in Fig. 1, the positions of homocitrulline and 
the unidentified material once more coincided exactly. Finally, 
it was shown that homocitrulline is fairly stable to acid hydroly- 
sis. When heated (evacuated sealed tube) at 110° for 22 hours 
in 6 N HCl in the presence of ribonuclease, only 24% of the 
homocitrulline introduced decomposes and appearsaslysine. The 
rate of formation of lysine was found to be linear over a 48-hour 
period, and hence the application of a 24% correction at 22 hours 
seems permissible for the estimation of the amount of homocitrul- 
line in the protein derivative. 

Reaction of cyanate with the a-amino group of the amino- 
terminal lysine residue in the protein also probably takes place. 
The resulting carbamy] derivative would first cyclize during acid 
hydrolysis (9) with 6 N HCl at 110°, after which the hydantom 
thus formed could decompose to regenerate the parent amino 
acid. The hydantoin of homocitrulline, which would be formed 
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Fic. 1. Analysis of an acid hydrolysate of cyanate-treated ribonuclease. Columns of Amberlite IR-120 (4) and automatic 
recording equipment (17) were used, with a temperature change from 30° to 50° at 280 ml (just after the alanine peak). 


in this instance, has been found to decompose largely to homo- concluded that it is the ionic forms of both cyanate and the 
citrulline and lysine during 22 hours of acid hydrolysis. e-amino groups which are the reacting species, in accord with 
Several lines of evidence indicate that cyanate present in the the mechanism proposed by Warner (7) for the formation of 
urea, not urea itself, is responsible for the formation of homo- urea from ammonium cyanate. 
citrulline. In Experiment 1, Table I, an indirect reaction Reaction of Cyanate with Sulfhydryl Groups—As may be seen 
through urea may be ruled out, since the rate of attainment of from Fig. 2, the reaction of cyanate with cysteine and gluta- 
equilibrium between cyanate, urea, and NH; under the conditions _ thione is very rapid. Under the conditions used, the half-time 
used is too slow to be significant (7, 8). As is illustrated by for the disappearance of the sulfhydryl groups is of the order of 
Experiment 2, Table I, practically no carbamylation takes place 3 to 4 minutes. Amino groups are not noticeably affected in 
even in 72 hours in the presence of a freshly prepared solution of this time. The rapid reaction of alkyl isocyanates with —SH 
8 m urea, which was less than 0.001 m in cyanate as determined 
by the colorimetric procedure of Werner (20). If the same 10 
urea solution is heated at 100° for 1 hour and then allowed to 
react with ribonuclease (Experiment 3, Table I), the extent of 
carbamylation is much greater. This is consistent with the facts 
that heating speeds up the attainment of the cyanate-urea 
equilibrium and shifts the position of this equilibrium signifi- 
cantly in favor of cyanate. Equilibrium is reached in less than 
39 minutes at 100° (8). The cyanate concentration of the heated 
urea solution was found colorimetrically to have increased to 
0.02 m. Finally, the heated urea solution was acidified to pH 
2 with concentrated HCl and allowed to stand for 1 hour to 
decompose cyanate (21). The resulting solution (brought back 
to pH 7) was less than 0.001 m in cyanate and caused only very 
slight carbamylation of ribonuclease, as may be seen from Experi- N i i 
ment 4, Table I. . ” re 30 40 50 
The rate of carbamylation of ribonuclease by cyanate was Tie, ee 
about constant over the range of pH 5 to 9, but was reduced at Fig. : 


. 2. The rate of disappearance of sulfhydryl groups in 0.1 
either more acid or more alkaline pH values. It may thus be m KNCO at 25°. 
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° GSH, 8.7mM 
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groups to form thiocarbamic acid esters is well known, and 
KNCO appears to behave in an analogous fashion. The prod- 
uct of the reaction with cysteine has been identified as the 
thiocarbamate by synthesis (cf. “Experimental Procedure’’). 

The reaction of —SH groups in proteins with thiol-binding 
reagents is frequently somewhat sluggish, and hence it is not 
surprising that coverage of the sulfhydryl groups in a typical 
SH-containing protein such as 6-lactoglobulin is not so rapid as 
the reaction with cysteine. The data in Table II show that the 
sulfhydryl groups in native #-lactoglobulin are not reactive 
(Experiment 1), in accord with the findings of Boyer (22) and 
others, but that upon denaturation with 8 m urea, reaction with 
N-ethylmaleimide takes place readily (Experiment 2). The 
—SH content of the protein (1.9 moles per mole) is in reasonable 
agreement with the value of 2.2 equivalents per mole found by 
Boyer (22). If, however, cyanate is added to the urea used to 
denature the protein (Experiment 3), the —SH titer, as measured 
by the N-ethylmaleimide method, diminishes markedly, indicat- 
ing that reaction with cyanate has taken place. S-Carbamyl- 
cysteine is not stable to acid hydrolysis; the products formed are 
predominantly ammonia and cysteine, plus a small quantity of 
cystine. 

Inactivation of Ribonuclease by Cyanate—Fig. 3 shows the 
specific activity of ribonuclease as a function of the number of 
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Fig. 3. The activity of ribonuclease as a function of the number 
of lysine residues altered. Each point was obtained by quantita- 
tive amino acid analysis of acid hydrolysates of the mixture of 
proteins obtained from the reaction of ribonuclease with cyanate 
in water for 1 hour. KNCO concentration was 0.1 or 1 m, tempera- 
ture 40° or 50° and pH 8.0 to 8.1. The reaction mixtures were 
thoroughly dialyzed to remove small molecules before hydrolysis. 


TABLE II 
Reaction of sulfhydryl groups of B-lactoglobulin with cyanate 








Moles of —SH remaining (deter- 
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lysine residues altered by carbamylation with KNCO. As can 
be seen from the figure, specific activity decreases rapidly as the 
extent of carbamylation increases. A comparison of this result 
with that obtained by Klee and Richards (23) upon guanidination 
of the lysine residues of ribonuclease with O-methylisourea (also 
plotted in Fig. 3) would seem to indicate that the e-amino groups 
of many of the lysine residues can be substituted without affect- 
ing activity only if the positive charges on the nitrogen atoms 
are preserved. Abolition of only a few of these positive charges, 
however, is sufficient to cause inactivation. The report by 
Gundlach et al. (2), that the introduction of negative charges 
by carboxymethylation of only one or two lysine residues inac- 
tivates ribonuclease, is also in line with this supposition. A 
similar conclusion was reached by Taborsky (24) as a result of 
his experiments on the phosphorylation of ribonuclease. 


DISCUSSION 


Urea is often tacitly assumed to be a reagent which brings 
about physical rather than chemical changes in protein molecules. 
This assumption is only valid if the urea is completely free of 
cyanate. Even ribonuclease, a notably stable enzyme devoid of 
—SH groups, may be inactivated by long exposure at moderate 
temperature to urea that contains an appreciable amount of cya- 
nate. The activity of other enzymes, particularly those which 
contain —SH groups, might be much more labile. It should 
be emphasized that upon long standing at neutral pH and room 
temperature, urea solutions initially free of cyanate will develop 
a significant concentration of this substance. Prolonged ex- 
posure of proteins to urea may thus involve chemical change, 
and some of the irreversible inactivations that have been ob- 
served under these conditions may have been a result of such 
reactions. 

One of the reactions, which has not been studied during the 
present investigations, but which might occur slowly, involves 
rupture of labile disulfide bonds. Since cyanate reacts rapidly 
with sulfhydryl groups, it will combine with any mercaptan 
which is formed in small amounts from a disulfide by hydrolysis, 
thus driving the hydrolytic reaction toward completion. A 
similar effect promoted by N-ethylmaleimide has been reported 
by Spackman et al. (25). 

Fortunately, it is easy to measure the cyanate concentration 
of urea solutions by the colorimetric method of Werner (20) or 
to decompose any cyanate present. Several reagent grade com- 
mercial samples of urea have been found to yield solutions that 
are virtually free of cyanate when freshly made up, and which 
keep for several weeks in the cold. Sterilization by saturation 
with chloroform or toluene has been reported to slow the attain- 
ment of the urea-cyanate equilibrium. Finally, if there is doubt, 
acidification of a urea solution just before use will decompose any 
cyanate present. 

The reaction with cyanate, in turn, may be useful as a means of 
covering «amino groups with a group that converts positively 
charged lysine residues in a protein to those of neutral homo- 
citrulline. Such positions in a peptide chain would thus be 
rendered resistant to cleavage by trypsin, as they are by acyla- 
tion (26). 


1 The inactivations of ribonuclease reported in Table I and Fig. 
3 probably are not a result of rupture of disulfide bonds. The time 
of exposure of the protein to the reagent was short (1 hour), and 
the recovery of cystine in the acid hydrolysate was normal (no 
evidence for the formation of cysteine from S-carbamylcysteine). 
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SUMMARY 


Cyanate and urea have long been known to comprise an equi- 
librium pair and, at equilibrium, an 8 m urea solution may be 
about 0.02 m in cyanate. Under moderate conditions, cyanate 
has the ability to react with amino groups to yield carbamy] 
derivatives. Exposure of ribonuclease to cyanate in aqueous 
or urea solution led to a considerable loss of enzymatic activity 
with the concomitant formation of ¢-carbamyllysine residues, 
which could be determined quantitatively after acid hydrolysis 
of the modified protein. 

Cyanate reacts even more rapidly with —SH groups than with 
amino groups. When cysteine was treated with an equimolar 
amount of cyanate, S-carbamylcysteine resulted. When cys- 
teine, glutathione, or 6-lactoglobulin was allowed to react with 
cyanate, the —SH concentration, determined with N-ethylmale- 
imide, rapidly decreased. 

When urea is to be used as a reagent to bring about only 
physical changes in a protein, special attention should be given 
to the use of urea as free as possible of cyanate. 
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The development of methods (3, 4) for localizing the differences 
in the primary structure of the human hemoglobins has prompted 
a study of the differences between the structures of hemoglobins 
A, 8, and G. Knowledge of the structural differences might 
give new insight into the genetic control of the structure of these 
hemoglobins (5, 6). The results of this study, which are pre- 
sented here, indicate that hemoglobins A, S, and G have dif- 
ferent amino-terminal sequences in their §$-chains. These 
sequences are as follows: 


Hb-A. Val. His. Leu. Thr. Pro.Glu.Glu.Lys. 
Hb-S. Val. His. Leu. Thr. Pro. Val.Glu. Lys. 
Hb-G. Val. His. Leu. Thr. Pro.Glu.Gly. Lys. 


The relationship between these results and the genetic control of 
the structure of hemoglobin will be discussed. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Hemoglobin G was obtained from the 
individuals with pedigree numbers II-5 or II-7 in the family 
studied by Schwartz et al. (5). Electrophoretic examination of 
the hemoglobin from these individuals revealed about 95% hemo- 
globin G. Hemoglobin S was obtained from a patient with 
sickle-cell anemia and hemoglobin A was obtained from normal 
donors.!. Hemolysates were prepared by the method of Clegg 
and Schroeder (7). Although the hemoglobins used in this work 
were chromatographically heterogeneous (7, 8), no attempt was 
made to separate the minor components from the major hemo- 
globin under study. 

Soluble tryptic peptides were examined on paper by a two- 
dimensional electrophoresis-chromatography technique (4). The 
pattern obtained will be referred to as a “peptide pattern” in 
accord with recent suggestions (9). Electrophoretic separation 
was achieved on Whatman No. 3MM filter paper in a volatile 
pH 6.4 pyridine-acetate buffer at a potential gradient of about 
8 volts per cm over a period of 3 hours. The chromatography, 
which followed the electrophoresis, was performed in butanol- 
acetic acid-water (200:30:75) in a descending system. The 
peptides were located with the ninhydrin reagent of Levy and 
Chung (10). 

One-dimensional separation of the tryptic peptides was 


* This investigation was aided by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice. Preliminary reports of this work have been presented (1, 2). 

+ Postdoctoral Fellow, American Cancer Society. 

t Postdoctoral Fellow, National Heart Institute, United States 
Public Health Service. 

1 The authors would like to thank Drs. S. Fred Kaufman, Janet 
Watson, and Wallace Jensen for their cooperation in obtaining 
samples of hemoglobin. 


achieved by electrophoresis in essentially the same manner as 
mentioned above except that voltages of about 30 volts per cm 
were used over a period of 1.5 hours. When peptides were to 
be isolated from digests, separation was achieved by this means. 
Strips, 1 cm, were cut from the sides of the paper and sprayed 
with ninhydrin to locate the peptides. The major portion of the 
paper, which was not sprayed with ninhydrin, was then cut into 
appropriate strips and the peptides eluted with 10% acetic acid. 

Leucine aminopeptidase was prepared from swine kidney by 
methods described earlier (11). Crystalline papain was pre- 
pared from dried papaya latex (12). Trypsin was a 2X crystal- 
lized, commercial preparation. 

Amino acid analyses were performed with the Spinco model 
MS amino acid analyzer described by Spackman et al. (13, 14). 
Amino end group analyses were performed by either the Edman 
technique described by Fraenkel-Conrat et al. (15), or by the 
dinitrophenylation methods of Rhinesmith et al. (16, 17). 

Comparison of Tryptic Peptides from Hemoglobins G, S, and 
A—One of the most direct ways of locating aberrant regions of 
a hemoglobin is by examination of the tryptic peptides derived 
from the hemoglobin (3, 4). A 2% solution of salt-free hemo- 
globin was adjusted to pH 8 with 0.1 n NaOH and heated for 4 
minutes at 90°. After incubating at 40° for at least 5 minutes, 
trypsin (2% of the weight of the hemoglobin), dissolved in 0.001 
N HCl, was added to start the digestion. The mixture was 
stirred periodically to keep the insoluble protein evenly dis- 
persed. The pH never fell below 7.5 during the digestion and 
could be maintained near 8 by occasionally adding one or two 
drops of 0.1 N NaOH. Analysis of aliquots of the reaction mix- 
ture with the ninhydrin reagent of Moore and Stein (18) showed 
that the digestion was complete in 90 minutes. No differences 
in the rate of hydrolysis of hemoglobins G, S, and A were ob- 
served. The digest was adjusted to pH 6.5 and insoluble ma- 
terial? removed by centrifugation. Aliquots of the supernatant 
solution, containing peptides derived from 1 to 2 mg of hemo- 
globin, were then analyzed by the two-dimensional electro- 
phoresis-chromatography technique. The resulting peptide 
patterns of hemoglobins G and S appeared to be identical whereas 
both patterns differed from that obtained with hemoglobin A. 
As Ingram has noted (3), a single peptide in hemoglobin §, desig- 
nated as Peptide 4, migrates farther to the cathode than one 
which is present in the tryptic peptides from A. It is apparent 
that a chemical abnormality in hemoglobin G is present in the 
same peptide; however, this technique reveals no difference be- 


2 The insoluble peptides obtained in this manner have not been 
thoroughly characterized at this time. Comparison of the in- 
soluble peptides from hemoglobins S, G, and A will be made later. 
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tween hemoglobins S and G and one might judge that these 
hemoglobins are identical were it not known (5) that hemoglobin 
G has a solubility like normal adult hemoglobin and not like 
that of hemoglobin 8S. 

When an electrophoretic separation of the peptides of hemo- 
globin G, S, and A was made on Whatman No. 3MM paper, the 
patterns shown in Fig. 1 were obtained. This technique also 
did not distinguish between the aberrant peptides from hemo- 
globin S and hemoglobin G. No additional differences were 
found among the peptide patterns of the three hemoglobins 
when they were separated in this manner and then sprayed with 
the reagents which specifically detect histidine (19), tryptophan 
(20), arginine (21), and tyrosine (21). 

Because it was impossible to distinguish between the peptides 
in hemoglobins G and § by these methods, it was necessary to 
examine the purified tryptic peptides by more precise techniques. 
Peptide 4 (from approximately 200 to 500 mg of digest) was 
isolated from tryptic digests of hemoglobins S, G, and A. The 
peptides were first separated on paper by high voltage electro- 
phoresis as described in Fig. 1, eluted from the paper, and then 
purified further by chromatography on paper with butanol- 
acetic acid-water (200:30:75) or pyridine-butanol-acetic acid- 
water (100:150:30:120) solvent. Each purified peptide was 
then hydrolyzed at 110° under reduced pressure in 6 N HC! (3 
times glass-distilled) for 24 hours. Analysis* yielded the amino 
acid compositions given in Table I. The composition of Peptide 
4 from hemoglobins A and S was similar to those reported by 
Ingram (4, 22, 24) and Hunt and Ingram (23) but in both cases 
this peptide contained only one leucy] residue instead of the two 
originally reported. In addition, hemoglobin G, like hemoglobin 
S$, contained one less glutamy] residue than hemoglobin A; how- 
ever, Peptide 4 from hemoglobin G contained one glycyl residue 
and was readily distinguished from Peptide 4 of hemoglobin S 
in that it contained only one valy] residue. 


Sequence Analysis of Tryptic Peptide 4 from 
Hemoglobins G, S, and A 


Sequence analysis of each of the peptides was made by chemical 
and enzymic methods. The results are presented in Table IT. 

Determination of the amino end groups by the phenyliso- 
thiocyanate method revealed only the phenylthiohydantoin 
derivative of valine in each case. This compound was identified 
by paper chromatography in Solvents A, E, and F of Edman 
and Sjéquist (25) and Sjéquist (26) and possessed the same Ry 
as authentic valine phenylthiohydantoin. These analyses dif- 
fered from those available at the time (22, 24) which indi- 
cated that histidine was the amino-terminal residue in Peptide 4. 

Digestion with leucine aminopeptidase (27) was achieved by 
incubating 0.1 ml of a solution of the peptide (about 0.2 to 0.4 
umole), 0.01 ml of 0.025 m MgCl, 0.01 ml of 0.05 m Tris buffer 
at pH 8.5, and 0.025 ml of leucine aminopeptidase (C,; = 55, 
10 mg of enzyme per ml (11)) at 40° for 4 hours. When the 
reaction mixture was analyzed by the combined electrophoresis- 
chromatography technique, essentially equal quantities of valine, 
histidine, and leucine were found, whereas threonine was present 
in a much smaller amount than the other amino acids. These 
results indicate that proline must be the fifth residue from the 
amino terminus because threonine would be liberated to only a 


* The authors wish to thank Mr. Boyd Lythgoe for his assist- 
ance in performing these analyses. 
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Fig. 1. Paper electrophoretic separation of the tryptic peptides 
of hemoglobins A, S, and G. The tryptic digest (0.1 ml) of the 
hemoglobin was resolved in a single dimension on Whatman No. 


3MM paper for 1.5 hours at 30 volts per cm in pyridine-acetate 
buffer, pH 6.5. The peptides were located with a ninhydrin spray 




















reagent. The number 4 tryptic peptides are shaded. 
TaBLe I 
Amino acid composition of tryptic Peptide 4 of hemoglobins A, 
S, and G 
Tryptic peptide of hemoglobin 
Amino acid 
A S G 
moles/mole of peptide 
PIOMMMME Ec 6 gcc g0c cc voteantoeee 1.0 1.1 be | 
Pee. le eet 0.9 1.0 0.9 
UM ios rics bio aceses 0.9 1.0 1.0 
Glutamic acid............... 1.9 1.1 1.0 
PID ek 5G sole Sienitd aces gM 1.0 1.1 1.0 
i A Rid Dae 0 0 i oe 
Wey Oo. BS ess 1.0 1.7 0.8 
en a Se 1.2 1.1 1.0 














small extent if it were in the sequence threonylproline. Histidine 
and leucine can occupy only positions two or three because the 
valine liberated must be at the amino-terminal position. 

The remainder of the sequence was determined by analysis of 
the peptides obtained after hydrolysis with papain. Digestion 
with papain was performed at both pH 5.5 and pH 4.25 in the 
following manner. A solution of the peptide (0.1 ml; 0.4 to 
0.8 umole), 0.05 ml 0.1 m dimercaptopropanol,‘ 0.01 ml 0.2 m 
sodium acetate buffer, at either pH 4.25 or 5.5, and 0.01 ml of 
papain (C, = 1.2, 34 mg per ml), were incubated at 40° for 15 
hours. The reaction mixture was separated into two aliquots 
which were analyzed simultaneously on two different papers by 
the combined electrophoresis-chromatography procedure de- 
scribed above. One paper was sprayed with ninhydrin to locate 
the peptides formed. This served as a map from which the 
peptides on the other paper could be located, eluted from the 
paper, and hydrolyzed in 6 Nn HCl. When the peptides from 
the papain digests at both pH 4.25 and pH 5.5 of either A, S, or 
G Peptide 4, were examined, as described above, valylhistidine 
was found in each case. This indicated that the second residue 
was histidine and the third residue was leucine. Thus, each 
Peptide 4 had the same sequence, Val.His.Leu.Thr.Pro. Be- 


4 Alternatively, 0.1 ml of 0.1 Nn NaCN, adjusted to pH 6, can be 
used to activate papain when digestions are performed at pH 5.5. 
This is often advantageous in that dimercaptopropanol oxidizes 
during the digestion to produce an insoluble film on the walls of 
the reaction vessel. This can interfere with subsequent analysis 
of the digestion mixture. The sodium cyanide does not produce 
these difficulties, and is easily removed from the digest by acidifi- 
cation and aeration. On the other hand, the volatility of the 
cyanide at pH 4.25 prevents its use as an activator at this pH. 
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TaBLe II 
Sequence analysis of tryptic Peptide 4 from hemoglobins A, S, and G 
Sequence information 
Method 
Peptide 4A Peptide 4S Peptide 4G 
Phenylthiohy- | 
dantoin...... Val. Val. | Val. 
Leucine 
aminopepti- | 
Eee rae Val (His, Leu)Thr. Val (His ,Leu)Thr. | Val (His, Leu)Thr. 
Papain Pep- 
tide No. 
etal (Val, His) (Val, His ) (Val, His) 
SSR x3 (Leu, Thr, Pro, Gluz) Lys 
eye. at (Thr, Pro, Val) 
Beier: (Thr, Pro, Val, Glu) 
ee | Glu. Lys.| 
SRE: | (Leu, Thr, Pro,Glu,Gly)Lys. 
7G.. | (Thr, Pro,Glu,Gly)Lys. 
RE pe (Thr, Pro,Glu) 
9G... (Glu, Gly) 
WG. «isda: | Gly. Lys 
Sequence....... | Val. His.Leu.Thr.Pro.Glu.Glu.Lys | Val.His.Leu.Thr.Pro.Val.Glu.Lys | Val.His.Leu.Thr.Pro.Glu.Gly.Lys 
Papain splits... | 23 ee ee t fT t fT . 








cause only two glutamyl residues and one lysyl residue from the 
number 4 peptide of hemoglobin A remain unassigned, they 
must succeed the above sequence in the order Glu.Glu.Lys. 
Lysine must be carboxyl-terminal in each peptide in accord with 
the established specificity of trypsin. 

Additional peptides from the papain digest helped to estab- 
lish the sequences in Peptide 4 of hemoglobins G and 8. After 
digestion with papain at pH 5.5, two predominant peptides were 
derived from the hemoglobin G Peptide 4, viz. peptides number 
6G and 7G. Peptides 9G and 10G were obtained in low and 
variable yields. After digestion at pH 4.25 the peptides in 
major yield, (in addition to valylhistidine) were found to be 8G, 
9G, and 10G. In addition, the free amino acids, glycine, glu- 
tamic acid, lysine, and leucine were found. It can be seen that 
these digestion products could be derived only from the unique 
sequence given in Table II. 

A different set of products was obtained from the digest o4 


Taste III 
Analysis of amino-terminal dinitrophenylpeptides from 
hybridized hemoglobins A* and G 
Radioactive hemoglobin G, obtained by hybridization of hemo- 
globin G with C"-leucine-hemoglobin-A, was dinitrophenylated, 
hydrolyzed in acid and the dinitrophenyl peptides isolated and 
analyzed. 





Hybrid Hb-G* from Hb-G and 
Hb-A* 





Dinitrophenylpeptide 
pM c.p.m./pmole 
et ce ees re 243.7 
di-DNP-Val.His.Leu................ | 0.63 7.3 
PR a | rr 0.41 12.5 
i LL SRR LETTE. I | 0.16 5.1 
EPO OMAR 6 be oi. 2} loe eerewme ah 2.39 2.1 











Peptide 4 of hemoglobin 8. The predominant peptides were 38 
and 48 (Table III). In addition, the amino acids, lysine, 
glutamic acid, and leucine were found. These products can be 
derived only from the unique sequence given in Table II. Al 
though this sequence is different from that originally reported 
by Ingram (3, 24), the replacement of valine for glutamic acid is 
at the position originally proposed. It is noteworthy that in 
hemoglobin G, glycine replaces the glutamic acid which is 
adjacent to the one replaced in hemoglobin 8S. 


Location of Chemical Abnormality in Hemoglobin G 


It was clear from the above studies that the first three residues 
in all three of the tryptic peptides had a sequence identical to 
that of the first three residues in the B-chains of hemoglobin A 
(17). This suggested that these peptides might be derived from 
the amino-terminal end of the B-chains. Indeed, during the 
course of the present investigation, Shelton and Schroeder (28) 
provided evidence that this is the case for hemoglobins A and §. 
However, because the exact location of Peptide 4 in hemoglobin 
G was unknown, additional studies were performed. 

Isolation of a- and B-Chains—Satisfactory separation of the a- 
and $-chains of hemoglobin G was obtained by the chromato- 
graphic procedures of Wilson and Smith (29, 30). Each purified 
chain was digested with trypsin without prior denaturation 
under the conditions described above for tryptic digestion of 
intact hemoglobin. The peptides from each chain were sepa- 
rated on paper by electrophoresis. The peptide patterns shown 
in Fig. 2 indicate that a°- and a4-chains are essentially alike 
whereas 64- and §&-chains differ only in Peptide 4. It is im- 
portant to note also that the sum of the peptides in a@&- and 
6%-chains is equal to the number of tryptic peptides observed in 
intact hemoglobin G. 

Hybridization of Hemoglobin G and C'*-Leucine Hemoglobin 
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A5—A second approach for locating the aberrant chains in 
hemoglobin G utilized the hybridization techniques of Vinograd 
et al. (31). In these experiments, 44 mg of radioactive hemo- 
globin A (1800 c.p.m. per mg), prepared by incubating human 
reticulocytes with uniformly C-labeled t-leucine (31), were 
purified chromatographically (8) and mixed with an equal amount 
of chromatographically purified hemoglobin G in a volume of 16 
ml. The solution was then dialyzed at 3° against 0.1 m sodium 
acetate buffer at pH 4.75, for 12 hours, and then dialyzed for an 
additional 24 hours against Developer 5 of Clegg and Schroeder 
(7). Chromatography of the mixture on a column (1 X 35 cm) 
of IRC-50 (8) separated the two hemoglobins, both of which 
were now radioactive. An equal quantity of nonradioactive 
hemoglobin G was added to the radioactive hemoglobin G and 
the mixture converted to globin by removal of the heme (32). 
The resulting globin was dinitrophenylated (16), and then 
hydrolyzed by the procedures of Rhinesmith et al. (16). The 
amino-terminal dinitrophenyl peptides were isolated chromato- 
graphically on silica gel columns, estimated spectrophotometri- 
cally, and assayed for radioactivity. The results are summarized 
in Table III. Because the dinitropheny] valylhistidylleucine 
contains essentially no radioactivity whereas the dinitropheny] 
valylleucine is radioactive, it can be concluded that the 8-chains 
of hemoglobin G are aberrant. These studies not only confirmed 
which chain was aberrant but also showed clearly that the amino- 
terminal groups of hemoglobin G were identical to those of A 
and S$. This strengthens the view that the number 4 peptide in 
hemoglobin G occupies the amino terminus of the 6-chains. 
Hydrolysis with Leucine Aminopeptidase—Independent evi- 
dence that Peptide 4 occupies the amino-terminal octapeptide 
sequence of the B-chains was obtained from digestion studies 
with leucine aminopeptidase. In these experiments, 10 mg of 
hemoglobin G were incubated with 30 mg of leucine amino- 
peptidase, C1 = 40, at 40° in 0.01 Tris buffer at pH 8.5 con- 
taining 0.005 m MgCl. Aliquots of the reaction mixture were 
removed at intervals throughout the digestion, and were tested 
with ninhydrin reagent (18). It was estimated that in 24 hours 
8 to 10 amino acids were removed per mole of hemoglobin (mol. 
wt., 68,000). The hemoglobin remained in solution during the 
first 3 to 4 hours of digestion but gradually precipitated and 
after 24 hours most of the hemoglobin was insoluble. The 
hemoglobin was separated from leucine aminopeptidase, by 
applying the entire reaction mixture to a column (1 X 5 cm) of 
IRC-50 which was equilibrated with 0.05 m sodium phosphate 
buffer at pH 6.5. When the same buffer was run through the 
column, the aminopeptidase emerged unretarded as judged by 
measuring the absorption of the eluent buffer at 280 mu. The 
hemoglobin was visibly retarded at the top of the column. When 
0.2 m sodium phosphate buffer, pH 7.5, was applied to the 
column, the hemoglobin was gradually eluted from the resin. 
The hemoglobin which precipitated in the reaction mixture and 
which was present as an insoluble layer on top of the column, 
gradually became soluble in the phosphate buffer and emerged 
from the column in solution. After the hemoglobin solution 
was dialyzed and concentrated by lyophilization, it was treated 
with trypsin in the same manner which was described above 
for digestion of intact hemoglobin. The resulting tryptic pep- 


* The authors gratefully acknowledge the cooperation of Dr. 
Richard T. Jones in performing the hybridization experiments. 
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Fic. 2. Paper electrophoretic separation of the tryptic peptides 
from the a- and 6-chains of hemoglobins A and G. Each isolated 
chain was digested with trypsin and the resulting tryptic peptides 
examined as described in Fig. 1. 
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tides were examined by the electrophoretic-chromatography 
technique. The peptide pattern showed essentially all of the 
peptides found in intact hemoglobin, except that Peptide 4 was 
present in only trace amounts. Inasmuch as the aminopeptidase 
is known to act only at the amino-terminal end of peptide chains, 
the marked decrease in recovery of Peptide 4 without effect on 
other peptides supports the view that the amino-terminal se- 
quence of the £-chains of hemoglobin G is the same as that of 
hemoglobins A and § (28). 


DISCUSSION 


After the first tryptic peptide patterns of hemoglobins G, 8, 
and A were obtained, it was clear that hemoglobin G possessed 
an abnormal tryptic peptide similar to the number 4 tryptic 
peptide of Ingram (3, 4). However, when it was discovered 
that Peptide 4 from hemoglobin G contained only one leucine 
instead of the two originally reported to be present (3, 4), and 
possessed amino-terminal valine instead of histidine (22-24), a 
complete sequence analysis of all of the number 4 peptides was 
undertaken. Subsequently the sequences shown in Table II 
were obtained (1,2). Ingram (32), since this time, independently 
confirmed these results in the case of the peptides from hemo- 
globins A and §. Additional studies which have established 
that Peptide 4 from hemoglobin G occupies the amino-terminal 
position of the 6-chains are in accord with the conclusions of 
Shelton and Schroeder (28) for hemoglobins A and S. Thus, 
there is now complete agreement as to the exact location of the 
amino acid replacement in hemoglobin S. However, on the 
basis of the studies presented here it is also evident that two 
adjacent glutamyl residues in hemoglobin A are replaced by 
different amino acids in hemoglobins S and G. With this 
knowledge it is now possible not only to compare the chemical 
properties of these hemoglobins but also to consider the genetic 
control of their primary structures. 

Two interesting differences in the properties of hemoglobins S 
and G are noteworthy. First, hemoglobin G has a solubility 
like that of hemoglobin A and does not yield the insoluble tactoid 
which hemoglobin S forms in reduced state (32). This is con- 
sistent with the observation that individuals who have the gene 
for hemoglobin G have normal red blood cells and show neither 
sickling nor other hematologic abnormalities (5). If the solu- 
bility of hemoglobin § is influenced by the amino acid replace- 
ment shown here, it is not apparent why hemoglobin G does 
not have a solubility like sickle hemoglobin. Secondly, the 
electrophoretic mobility of hemoglobin G is different from the 
mobility of hemoglobin S at both pH 8.5 and 6.5 (5). In terms 
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of the known differences in the two hemoglobins, both should 
have two fewer y-carboxyl groups per mole than hemoglobin A 
and thus should have nearly identical mobilities. The fact that 
glycine replaces a glutamyl residue in one case and valine re- 
places a glutamy] residue in the other does not offer an obvious 
explanation of the mobility differences. It is possible that the 
dissociation constants of the y-carboxyl groups in the glutamy] 
residues at positions six and seven in the 8-chains differ because 
of the influence of neighboring groups. It should be recognized 
that if additional differences occur in either or both of these 
hemoglobins they could influence the solubility and electro- 
phoretic behavior. Until the complete primary structures of 
these hemoglobins are established it is impossible to decide 
unequivocally whether all of the abnormalities in either hemo- 
globin G and 8S are known. 

In addition to the problem of explaining the different chemical 
properties of hemoglobins G and § is the question of understand- 
ing the genetic control of the structure of these hemoglobins. In 
earlier studies on hemoglobin G and § (5), it was suggested that 
two nonallelic genes determined the structure of hemoglobin. 
The genetic studies of Smith and Torbert (33) with Hopkins-2 
hemoglobin and hemoglobin-S also suggest such a control. Itano 
and Robinson (34) recently provided the chemical evidence 
necessary to substantiate the genetic studies of Smith and Torbert 
(33). Dherte et al. (35) also arrived at this conclusion on the 
basis of their studies on the chemical and genetic relationships 
between hemoglobins S and P. The best interpretation of all 
these studies is that nonallelic genes control the structure of the 
a- and B-chains. This view is consistent with the current 
hypothesis that there is a direct relationship between the linear 
sequence of deoxyribonucleotides in a gene and the amino acid 
sequence in the protein controlled by the gene (36, 37). 

On the basis of the chemical evidence presented here and the 
genetic analysis of Schwartz et al. (5) for the family containing 
hemoglobins G and §, one would conclude that the B-chain of 
hemoglobin is controlled by independently segregating genes. 
In this light the inheritance of hemoglobins G and S contradicts 
present views of the genetic control of B-chains. A solution to 
this problem has been sought by reanalyzing the pedigree of the 
family from which the present genetic picture for the control of 
hemoglobins G and S was obtained. This analysis® has used the 
techniques described in this paper as the means of judging 
whether an individual possesses hemoglobin S, G, and/or A. 
Although these studies are still in progress and will be reported 
in detail later, it is important to mention here that the critical 
individual (III-1) (5) in the pedigree, which provided the basis 
for the genetic conclusions, does not have measurable amounts 
of hemoglobin G. This finding eliminates the necessity of 
assuming that nonallelic genes control hemoglobin G and § 
formation. Thus, hemoglobin G and § are probably inherited 
in a manner which can be explained by current hypotheses of the 
genetic control of the structure of proteins. 

In addition to the hemoglobin studied here, at least four oth- 
ers have been designated with the letter G (36-41). The pres- 
ent duplication in the naming of these hemoglobins undoubt- 
edly results from the use of electrophoresis as the sole means 
of differentiating one hemoglobin from another (41). However, 
in light of recent structural studies, it would be desirable to 


®*R. L. Hill, R. T. Swenson and H. C. Schwartz, unpublished 
experiments. 
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use additional methods as well as electrophoresis as the basis 
of a system of nomenclature for the human hemoglobins. It is 
hoped that some uniform naming system that is based on exact 
structural characters of the hemoglobins can be agreed upon 
soon. Until then, the hemoglobin studied here will be referred 
to as hemoglobin G. 


SUMMARY 


1. The soluble tryptic peptides of hemoglobin A, S, and G 
have been compared on paper by a combined electrophoretic- 
chromatography technique. A single peptide in the digests of 
both hemoglobin S and G was absent in the digest of hemo- 
globin A. In addition, only one peptide in hemoglobin A was 
not observed in either hemoglobin G or 8. 

2. Each of the unique peptides was purified from the tryptic 
digests by paper electrophoretic and chromatographic methods, 
Analysis by a combination of chemical and enzymic methods 
revealed the following sequence for each peptide: 


Hb-A. Val. His. Leu. Thr. Pro.Glu.Glu.Lys. 
Hb-S. Val. His. Leu. Thr. Pro. Val.Glu. Lys. 
Hb-G. Val. His. Leu. Thr. Pro.Glu.Gly.Lys. 


3. Analysis of the chromatographically purified a- and £- 
chains of hemoglobin G showed the unique peptide was present 
only in the 8-chains. This was confirmed by analysis of the 
hemoglobins which were formed when hemoglobin G was allowed 
to hybridize with C'*-leucine-hemoglobin-A. 

4. On the basis of quantitative amino-terminal analyses as 
well as hydrolysis by leucine aminopeptidase, the unique pep- 
tide in hemoglobin G was judged to represent the amino-ter- 
minal octapeptide sequence of the 6-chains. 


Acknowledgment—The authors wish to express their apprecia- 
tion to Dr. E. L. Smith for his interest in this investigation. 
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The role of zinc in the catalytic action of yeast alcohol dehydro- 
genase has been studied throsigh the kinetics of the inhibition of 
activity by chelating agents (1), particularly 1,10-phenanthroline 
(2-4). In aqueous solution the complexes of 1,10-phenanthro- 
line with Zn** ions exhibit characteristic absorption spectra, as 
do the complexes of this agent with the zinc atoms of yeast 
alcohol dehydrogenase and of other zinc metalloenzymes (5). 
The molecular stoichiometry of the enzyme-inhibitor complexes, 
deduced from spectrophotometric measurements, is in agree- 
ment with that inferred from kinetic data (6). 

Whereas the catalytic activity of the enzyme can thus be de- 
creased by the localized attack of a chelating agent on a compo- 
nent of an “active site,” alterations in the protein structure may 
have similar functional consequences, of course. Chelating 
agents are here shown to induce changes in enzymatic activity 
both through such local action and through subsequent alter- 
ations of the macromolecular structure of yeast alcohol dehydro- 
genase. Asa function of the time of exposure to chelating agents 
and of their concentration, the apoenzyme, molecular weight 
151,000, dissociates into four equal subunits, molecular weight 
36,000, while the four zinc atoms are removed concomitantly. 
Thus, a direct correlation between the enzymatic activity, the 
zinc content, and the protein structure of the enzyme can be 
shown to exist. A preliminary report has been made (7). 


EXPERIMENTAL PROCEDURE 


Twice crystallized yeast alcohol dehydrogenase (C. F. 
Boehringer u. Soehne, Mannheim, West Germany) was stored 
in 0.6saturated ammonium sulfate. Before its use, the enzyme 
was dialyzed for 5 days at 4° against 0.1 m sodium phosphate 
buffer, pH 7.5, to remove impurities of low molecular weight 
which absorb radiation at 280 mu. The enzyme concentration 
was measured by the optical density at 280 my, based on an 
absorbancy index of 1.26 mg“ cm? (8). Some enzyme prepara- 
tions which contained a second, more slowly sedimenting compo- 
nent were purified further by equilibrium centrifugation at 92,000 
x g for 20 hours at 1° (Spinco ultracentrifuge, model L). Pu- 
rified enzyme (20 mg per ml) was stable for several weeks in 0.1 
M phosphate buffer, pH 7.5, 4°; during this time no change was 


* This work was supported by the Howard Hughes Medical In- 
stitute and by grants-in-aid from the National Institutes of 
Health of the Department of Health, Education and Welfare, No. 
H3117(C1) and the National Science Foundation. 

t Fellow of the Kettering Foundation, Dayton, Ohio. 


demonstrated by analytical ultracentrifugation. The turnover 
numbers of different preparations varied from 36,000 to 40,000 
moles of DPN per minute per mole of enzyme, as determined in a 
reaction mixture containing 4.5 X 10-® mM enzyme, 8.33 X 10° 
DPN, and 0.33 m ethanol, in 0.016 m pyrophosphate buffer, pH 
8.8, 25°. 

Solutions of 1,10-phenanthroline hydrochloride, 1.25 x 107 

mM (G. F. Smith Chemical Company), 8-hydroxyquinoline-5- 
sulfonic acid, 2 X 10°? m (Eastman Organic Chemicals), and 
Versene (disodium ethylenediaminetetraacetic acid), 3 x 10°? u 
(Bersworth Chemical Company) were prepared in 0.1 m phos- 
phate or 0.1 m Tris buffer at pH 7.5. 
. DPN (Pabst Laboratories) was 95% pure as estimated by the 
formation of the cyanide complex (9). Sodium phosphate and 
Tris (Sigma 121, Sigma Chemical Company) buffers, 0.1 
M, were adjusted to pH 7.5, 0°, with NaOH and metal-free 
HCl, respectively (10). Ethanol (95%), NaH2PO., NasP.0;, 
and NaOH were reagent grade and were used without further 
purification. The purification of water and glassware has been 
described (1). 

Yeast alcohol dehydrogenase was incubated with chelating 
agents in 0.1 m sodium phosphate, or Tris buffer, pH 7.5, at 0°. 
At predetermined intervals, samples were withdrawn for exami- 
nation in the ultracentrifuge, for measurement of protein-bound 
zinc and of enzymatic activity. 

Enzymatic activity was measured spectrophotometrically by 
determination of the rate of DPNH formation at 340 muy, as 
previously described (1). Immediately before the assay, the 
enzyme sample used in sedimentation studies was diluted to a 
concentration of 10 ug per ml in 0.1 m phosphate buffer. The 
3.0 ml reaction mixture contained 5 umoles of DPN, 1000 umoles 
of ethanol, and 0.5 ml of 0.1 m pyrophosphate buffer, pH 8.8, 
25°. The reaction was initiated by the addition of 0.2 ml of 
enzyme solution to the reaction mixture. Activity was expressed 
as the change of optical density at 340 my per minute per milli- 
gram of enzyme. 

After dry ashing of the samples in platinum crucibles, zinc 
determinations were performed by an extraction method (11, 
12). Enzyme-bound and ionic zinc were measured after sepa- 
ration of the two moieties by dialysis of the enzyme against 10 
ml of Tris buffer, pH 7.5, at 0° for 20 hours. Cellulose casings 
(Visking Company) were cleaned as described by Hughes and 
Klotz (13). 

Sedimentation measurements 


were carried out with the 
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standard analytical cell in a Spinco model E analytical ultra- 
centrifuge. Experiments were conducted at a rotor speed of 
59,780 r.p.m. (269,000 x g), at temperatures between 0 and 10°, 
maintained by means of the rotor temperature control unit. 
The sedimentation coefficients, reported as s’25 values, were cor- 
rected for the viscosity of water at 20° but not for the variation in 
the protein concentration, nor for changes of viscosity due to the 
addition of buffer or chelating agents. The sedimentation dia- 
grams were enlarged by projection and the area of the boundaries 
was measured with a mechanical planimeter. Overlapping 
boundaries were resolved as described by Ogston (14). Cor- 
rection for radial dilution during centrifugation was made by 
extrapolation of the boundary areas to zero time. The base- 
line of the Schlieren patterns was determined from separate 
controls containing only buffer and chelating agents. 

Determinations of the molecular weight of the native protein 
and of the resultant fragments were performed by the method of 
Ehrenberg (15) with a 12-mm synthetic boundary cell with a 
rubber valve. Measurements were obtained on samples dialyzed 
for 29 hours against a solution of 1% sodium chloride and 0.05 
sodium phosphate, pH 7.5, 2°. A partial specific volume of 
0.769 (8) was employed in all instances. The molecular weight 
of the new species was determined (15) both from the weight 
average molecular weight, extrapolated to zero time, and from the 
condition of the boundary after centrifugation for 210 minutes 
(see Fig. 3). . 


RESULTS 


The enzyme was incubated with 7.5 X 10-3 m OP! for 24 hours 
and with 2 x 10-? m 8-OHQ8SSA for 9 hours in 0.1 mM phosphate 
buffer, pH 7.5, and sedimented in the analytical ultracentrifuge. 
These chelating reagents affect the sedimentation pattern mark- 
edly (Fig. 1). The single peak of the control both at 9 and at 24 
hours has an average sedimentation value s’o» of 7.0, varying 
from 6.9 to 7.2 in different experiments. In the presence of 
either chelating agent, a second, more slowly moving peak ap- 
pears with s’2 values of 2.7 and 2.9, respectively, the mean being 
2.8 in different experiments. There is a concomitant decrease 
in the area under the original S-7? peak as that of the new S-2.8 
peak increases. Both boundaries remain symmetrical through- 
out, indicating two homogeneously sedimenting species. 

The transformation of the 8-7 into the S-2.8 material is a 
function of time of contact of the enzyme with these chelating 
agents (Fig. 2). Thus, after 4 hours of incubation with OP, the 
area under the S-2.8 peak corresponds to only 20% of the total 
boundary area; after 15 hours, it comprises about 50%, and after 
34 hours, about 85% of the original material. 

At a constant concentration of enzyme, the rate of transfor- 
mation of S-7 into S-2.8 increases as a function of an increase in 
the concentration of the chelating agent or in the temperature 
of incubation. The rate of transformation also varied somewhat 
with the batch of yeast alcohol dehydrogenase employed. The 
further disappearance of the original S-7 boundary is arrested 
by removal of OP by dialysis, or by adding concentrations of 
Zn** ions sufficient to combine with all OP present; however, 


1The abbreviations used are: OP, 1,10-phenanthroline; 8- 
OHQ5SA, 8-hydroxyquinoline-5-sulfonie acid; YADH, yeast al- 
cohol dehydrogenase (in formulations only). 

* The sedimenting species of yeast alcohol dehydrogenase are 
henceforth referred to as S-7 and S-2.8, respectively. 
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Fig. 1. Ultracentrifuge patterns of yeast alcohol dehydrogen- 
ase in the presence of OP and8-OHQ5SA. The enzyme, 2.7 X 10-5 
M, in 0.1 Msodium phosphate buffer, pH 7.5, 0°, was incubated with 
7.5 X 10-3 m OP for 24 hours (top), and with 2 X 10-? m 8-OHQ5SA 
for 9 hours (center). The enzyme, exposed to buffer alone for 24 
hours, served as control (bottom). Sedimentation analyses were 
carried out at 59,780 r.p.m., 0° to 4°. Exposures were taken at 16- 


minute intervals. The direction of sedimentation is from left to 
right. 


OP 





8-OHQSSA 


CONTROL 
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Fic. 2. Effect of time of incubation with OP on the sedimenta- 
tion pattern of yeast alcohol dehydrogenase. The enzyme, 6.5 X 
10-5 m, in 0.1 m Tris buffer at pH 7.5, 0°, was incubated with 7.5 X 
10-* m OP for 4 hours (A), 15 hours (B), and 34 hours (C). Sedi- 
mentation analyses were carried out at 59,780 r.p.m., at 5-10°. 
The exposures were taken after 48 minutes of centrifugation. The 
direction of sedimentation is from left to right. Schlieren angles: 
60° (A); 45° (B); 50° (C). 





these procedures do not reverse the changes in the sedimentation 
pattern which have already taken place. 

The molecular weight of yeast alcohol dehydrogenase has been 
reported as 140,000 (16) or 150,000 (8). The reproducible ap- 
pearance of a homogeneous peak with a much lower sedi- 
mentation constant than that observed for native yeast alcohol 
dehydrogenase suggests that the enzyme dissociates into discrete 
subunits in the presence of these chelating agents. 

The molecular weight of the control, measured at seven suc- 
cessive intervals during centrifugation, remains constant, 151,000 
+ 2,000, indicating the homogeneity of the native enzyme em- 
ployed (Fig. 3A). The molecular weight of the fragment is 
36,000, as determined by calculation from the weight average 
molecular weight extrapolated to zero time (76,200), and also 
from the appearance of the boundary after 210 minutes of centrif- 
ugation (Fig. 3B). 
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The disintegration of the tetrameric alcohol dehydrogenase 
molecule into monomeric units on exposure to chelating agents 
is proportional to the loss both of its enzymatic activity and of 
its zinc content (Fig. 4). 

Further information on the presumable mechanism of this 
depolymerization by OP was gained by simultaneous exposure 
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Fie. 3. Determination of the molecular weights of native yeast 
alcohol dehydrogenase (A) and of the product resulting from ex- 
posure to OP (B) by approach to equilibrium centrifugation as 
described by Ehrenberg (15). Monodisperse yeast alcohol dehy- 
drogenase 10 mg per ml, in 0.1 m sodium phosphate, pH 7.5, 2°, 
were dialyzed for 20 hours against the same buffer, 0.05 m, contain- 
ing 1% sodium chloride, pH 7.5, 2°. The enzyme was sedimented 
at 10,589 r.p.m., and the molecular weight, 151,000, was deter- 
mined at successive intervals, A. An aliquot was exposed to 1 X 
10-? m OP for 20 hours, dialyzed under identical conditions, and 
sedimented at 20,410 r.p.m. The molecular weights determined 
successively are plotted as B. The mixture, resulting from the 
exposure of the enzyme to OP, was shown to contain S-2.8 and 8-7 
material in a proportion of 65 to 35%, determined in a separate 
velocity sedimentation run. From this proportion, the weight 
average molecular weight of the mixture, 76,200, obtained by 
extrapolation to zero time and from the molecular weight of the 
native enzyme, the S-2.8 fragment has a molecular weight of 
36,000: 


76,200 — (0.35 X 151,000 
Molecular weights-2.3 = : ( x ) 





= 36,000 
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Fia. 4. Correlation between the effects of OP and 8-OHQ5SA on 
the activity, enzyme-bound zinc, and structure of yeast alcohol de- 
hydrogenase. All measurements are expressed in percentages of 
the control in 0.1 m sodium phosphate buffer. The enzyme, 5 X 
10-5 M, in 0.1 Mm sodium phosphate, pH 7.5, 0°, was incubated with 
7.5 X 10-* m OP or 2 X 10°? m 8-OHQ5SA. At various times, ali- 
quots were analyzed for activity and protein-bound zinc and exam- 
ined in the ultracentrifuge. The percentage of the original 
enzyme remaining (S-7) is plotted on the abscissa, enzymatic ac- 
tivity after incubation with OP (O) or with 8-OHQ5SA (@) on one 
ordinate and protein-bound zinc after incubation with OP (A) or 
with 8-OHQ5SA (A) on the other. 
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Fig. 5. Comparison of the effects of OP on activity, zinc con- 
tent and structure of yeast alcohol dehydrogenase in the presence 
and absence of DPN. The enzyme, 5.6 X 10-' M, in 0.1 m sodium 
phosphate buffer, pH 7.5, 0°, was incubated for 24 hours with 
7.5 X 10-?m OP plus 0.3 m DPN (center) and with 7.5 X 10-7 u 
OP alone (bottom). Enzyme in buffer for 24 hours served as the 
control (top). Centrifugation was carried out at 59,780 r.p.m., 0°. 
The exposures were taken after 48 minutes of sedimentation. 
Enzyme activity and enzyme-bound zinc are expressed in percent- 
ages of the control. The arrow identifies the S-2.8 species which 
appears on exposure of the enzyme to OP. 


of the enzyme to DPN, which competes with this chelating agent 
(2, 4). DPN, 0.3 m, prevents the loss of activity, the removal 
of zinc, and the changes in enzyme structure induced by 7.5 xX 
10-* m OP to the same extent (Fig. 5). When DPN, which pro- 
tects the enzyme, is first removed by dialysis, and the enzyme is 
then again exposed to OP, the correlated changes in the dis- 
integration of the structure of the protein and the loss of both 
activity and zine proceed to completion, as if DPN had not 
originally been present. 

Versene does not inhibit yeast alcohol dehydrogenase, nor 
does it remove protein-bound zine atoms (17). After 24 hours of 
contact with 7.5 < 10-* m Versene in 0.1 m phosphate buffer, 
there is no alteration of the sedimentation pattern of 5.2 x 10-5 
M yeast alcohol dehydrogenase. 

At acid pH, both activity and zinc of the enzyme are lost also 
(18, 19), but the effect of H+ ions on the structure of the enzyme 
differs markedly from that here described for chelating agents. 
Yeast alcohol dehydrogenase, 3.3 X 10-5 m, when dialyzed for 24 
hours in 0.1 M sodium acetate, pH 4.0, 0°, becomes polydispersed 
and precipitates on increasing the temperature by only 4°. Ap- 
parently, H* ions critically affect sensitive groups of this enzyme 
in addition to those involved in activity and zinc binding. 

Although changes similar to those reported here for yeast 
alcohol dehydrogenase have been observed for glutamic dehydro- 
genase of beef liver in the presence of OP (20), such changes are 
not necessarily seen with all zinc enzymes. Under conditions 
similar to those described above, neither alcohol dehydrogenase 
of horse liver nor carboxypeptidase A of bovine pancreas form 
subunits in the presence of this chelating agent. 


DISCUSSION 

The monodisperse, highly active yeast alcohol dehydrogenase 
used in these experiments has a molecular weight of about 151,000 
in agreement with previous data (8). On this basis, the enzyme 
has been calculated to contain 4 gram atoms of zine (1) and to 
bind approximately 4 moles of coenzyme (8). The dissociation 
of yeast alcohol dehydrogenase into four subunits, coincident 
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with the removal of zinc by chelating agents, indicates the 
existence of quaternary structure, as defined by Bernal (21). 

This finding extends the tetrad stoichiometry of zinc atoms 
and DPN-binding sites to the structural organization of the pro- 
tein, implying an interrelationship. The empirical structural 
formula of this enzyme may now be written 


((YADH).Zn,](DPN),, 


where (YADH) represents a single unit of molecular weight 
36,000 and (YADH), a tetramer of molecular weight 151,000. 

The tetrad stoichiometry between the number of subunits, 
zinc atoms, and moles of DPN binding to the tetrameric apo- 
enzyme, and its dissociation into monomers on exposure to 
chelating agents, all suggest that zinc atoms stabilize the qua- 
ternary structure of yeast alcohol dehydrogenase. It is at- 
tractive to view the zinc atoms as bridges between four identical 
monomers though alternate schemes are possible. The time- 
dependent, irreversible inhibition of yeast alcohol dehydrogenase 
by OP‘ corresponds to the binding of 2 molecules of this agent to 
each zinc atom of yeast alcohol dehydrogenase (2): 


((YADH),.Zn,] + 4(2 OP) — [(YADH),Zn,](2 OP), (1) 


On the basis of the kinetics of inhibition and the time-dependent 
changes in the spectrum of the enzyme-inhibitor complex,® it 
was postulated that the formation of this complex should lead 
to alterations in the structure of the apoenzyme (4). The present 
data confirm this hypothesis. When OP is present in excesss, 
the over-all reaction accounts for the simultaneous, irreversible 
loss in enzymatic activity, quaternary structure and zinc: 


{(YADH),Zn,] + 4(3 OP) — 4(YADH) + 4[Zn OP;]** (2) 


The depolymerization of the tetrameric apoenzyme into mono- 
meric units with a molecular weight of 36,000 apppears to be an 
obligatory consequence of the successful competition of OP, 
when in excess, for more than one pair of coordination sites of 
the zinc atom. 

The competition of DPN with OP for the zinc atoms of yeast 
alcohol dehydrogenase, indicating that one molecule of coenzyme 
binds at or near each of its four zinc atoms (2), is also appar- 
ent in the prevention of the dissociation reaction by DPN (Equa- 
tion 2). The placement of the zinc atoms as bridges between 
subunits, implied by the present findings, therefore simultane- 
ously restricts the possible sites of binding of the coenzyme. 

Some aspects of the topographic characteristics of this site 
may be inferred, in fact, by reasoning from the kinetics of in- 
hibition of this enzyme: DPN reverses the instantaneous inhibi- 
tion of the enzyme by 1 molecule of OP (3), whereas the tet- 
rameric structure of the yeast alconol dehydrogenase molecule 
is fully preserved. The coenzyme does not reverse the time-de- 


3 Thus, it might be proposed that zinc, by forming a metal-che- 
late with the enzyme, may perform its dual enzymatic and struc- 
tural function by maintenance of the proper conformation re- 
quired for biological activity through the stabilization of the 
secondary and tertiary structure of the yeast alcohol dehydrogen- 
ase molecule, an hypothesis analogous to that which has been 
advanced for the role of Ca** in a-amylase (22,23). It is of inter- 
est in this regard that exposure of yeast alcohol dehydrogenase to 
8 m urea fails to remove zinc or bring about identical changes. 

4 Under the conditions of these experiments the instantaneous, 
reversible inhibition of yeast alcohol dehydrogenase which occurs 
when 1 molecule of OP combines with the zinc atoms of the enzyme 
(3) would not be observed. 

5 T. L. Coombs and B. L. Vallee, unpublished observations. 
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pendent inhibition of the enzyme attributed to the complexation 
of zinc by the second molecule of OP (4), which is here shown 
to be accompanied by the removal of the metal and by depoly- 
merization. Thus, it would seem that the rupture of the zinc 
bridges destroys a critical constellation required for coenzyme 
binding. The proper configuration of the subunits, induced by 
zinc atoms, must be decisive for the ensuing catalytic action. 
DPN seems, therefore, to act in conjunction with each of the 
four zinc atoms, and also with each of two adjacent subunits, 
to conform to the requirements of stoichiometry. This could 
be accomplished readily if the coenzyme were to cover across 
the zinc-bridged gap between two subunits and interact at three 
points: one each with one of two adjoining monomers, the third, 
weakly (24), with zinc. One might even be led to suggest that 
DPN would thereby cooperate in reinforcing the metal linkages 
between the subunits of the holoenzyme, thus stabilizing the 
tetrameric structure while performing its stereospecific oxidation- 
reduction function. The demolition of the zine bridge, irre- 
versible thus far in this enzyme, and the subsequent disinte- 
gration into monomers of the apoenzyme, would bring about 
the disorganization of the three-point interaction, manifested 
by the irreversible abolition of enzymatic activity. These con- 
jectures would seem appropriate at this time, since such struc- 
tural characteristics of this enzyme, which could not be taken 
into consideration previously, restrict the number of feasible 
mechanisms. Thus the kinetic, compositional, and structural 
data now available remove further handicaps in arriving at an 
internally consistent reaction scheme. 

It has been emphasized previously that stability constants 
of metal chelates in aqueous solution are poor guides to the 
inhibition of this and other metalloenzymes (1). Steric hin- 
drance, due to the quaternary structure of the enzyme, may 
well be reflected in the modification of the dissociation con- 
stant of OP with the enzyme-bound zinc, which is higher by 
5 X 10° than that with Zn*+ ions in aqueous solution (3, 25). 
The failure of Versene to inhibit (17) and to dissociate the en- 
zyme may be a specific example of steric hindrance. 

Although the nature of the zinc-protein bond remains con- 
jectural, the present data, together with others already on rec- 
ord (26), may illuminate the problem. Zinc shows a marked 
preference for sulfur or nitrogenous ligand groups, and the sta- 
bility of such complexes has been emphasized (27). It has been 
suggested that zinc may be bound to yeast alcohol dehydro- 
genase as a mercaptide (1). Although the time-dependent dis- 
placement of zinc by Agt ions and p-chloromercuribenzoate, re- 
sulting in the formation of smaller fragments (26), cannot be 
employed as unequivocal support for the existence of zinc-mer- 
captide bonds maintaining the tetrameric structure, these ob- 
servations are consistent with such a hypothesis. 

Neither removal of OP by dialysis nor addition of zinc brings 
about polymerization and reactivation. Since studies of rota- 
tory dispersion have shown that the dissociation of yeast al- 
cohol dehydrogenase by OP is not accompanied by changes in 
the helical conformation of the protein (28), the irreversible 
transformation of the tetramer into subunits may be attributable 
to a localized configurational or chemical change at the zinc- 
binding site. The divergence in the rates of dissociation of dif- 
ferent preparations of yeast alcohol dehydrogenase may well be 
due to variations in this rate-determining step. If zinc is bound 
to mercapto groups, oxidation subsequent to the removal of 
zinc could readily account for these observations. 
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SUMMARY 


The irreversible, time-dependent inhibition of alcohol dehy- 
drogenase of yeast by 1,10-phenanthroline and 8-hydroxyquino- 
line-5-sulfonic acid is accompanied by the dissociation of its 
apoenzyme of molecular weight of 151,000 into four subunits 
with a molecular weight of 36,000. Hence, the empirical struc- 
ture formula of yeast alcohol dehydrogenase may be written 
{(YADH).Zn4](DPN).4, where (YADH) represents a single unit 
of molecular weight 36,000. The rates of inactivation and of 
the loss of zinc from the enzyme, and the degree of dissocia- 
tion of the apoenzyme are correlated directly. Zinc atoms are 
thought to stabilize the quaternary structure of the enzyme 
through the formation of bridges between the monomers to form 
the enzymatically active tetramer. A three-point attachment 
of DPN to two adjacent monomeric units of the apoenzyme 
and to the bridging zinc atom is postulated to account for in- 
terrelationships between the functional and structural features 
of the active holoenzyme and its zinc content. 


Acknowledgment—We are most appreciative for the advice of 
Dr. Frederic L. Hoch. 
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Lactobacillus arabinosus exhibits marked selectivity in its nu- 
tritional utilization of benzoylamino acids as substitutes for the 
corresponding essential amino acids (1). Thus, L. arabinosus 
can utilize for growth benzoyl-pt-leucine, to some extent di- 
benzoyl-DL-cystine, and sometimes benzoyl-pL-methionine. 
Seven other benzoylamino acids, however, elicit no growth re- 
sponse when present in synthetic growth mediums. The work 
reported here describes substrate preferences of an essentially 
cell-free extract which was investigated to determine if it mir- 
rored the nutritional preferences of L. arabinosus. 

The results demonstrate a close correspondence between in 
vitro substrate preferences of the enzyme system and in vivo nu- 
tritional preferences for benzoylamino acids. This relationship 
supports the conclusion that utilization for growth reflects the 
activity of an acylase or acylases produced by L. arabinosus. 
Among acylases already reported is the acylase I of hog kidney 
(2-4) which hydrolyzes a large number of N-acylated amino 
acids.! 


METHODS AND MATERIALS 


Enzymic hydrolysis was measured by microbial assay of liber- 
ated amino acid. These determinations depend upon a choice 
of lactobacillus that will not grow on acylamino acid (1). The 
specificities of response to acylamino acids are uniquely useful 
in this kind of determination. 

Acylase Preparations—L. arabinosus, ATCC 8014, was grown 
for 24 hours at 37° in three 10-liter portions of synthetic medium 
similar to that for Streptococcus faecalis (1) but in which leucine 
was restricted to 10 mg of t-leucine per liter. Subsequent opera- 
tions were carried out at 0 to 3° unless otherwise noted. Cells 
were removed in a supercentrifuge, washed by suspension in 3 
liters and then in 300 ml of 0.10 m sodium acetate at pH 5.5, and 
were finally suspended in 30 ml of acetate buffer. The suspen- 
sion was treated for 3 hours in a Raytheon magnetostriction 
oscillator? (at a voltage of 140) the chamber of which was cooled 


* Aided by the Industrial Science Research Institute of Iowa 
State University. Largely from the Ph.D. dissertation of Robert 
W. Park, 1953. 

+ Present Address, Division of Biochemistry, Philadelphia Gen- 
eral Hospital, Philadelphia, Pennsylvania. 

t Present Address, Chemistry Department and Oceanographic 
Institute, Florida State University, Tallahassee, Florida. 

1 A comprehensive review of acylases may be found in the Ph.D. 
thesis of Robert W. Park, Iowa State University Library, Ames, 
Towa, 1953. 

2 The authors thank Dr. C. H. Werkman of the Bacteriology 
Department of Iowa State University for use of his Raytheon 
magnetostriction oscillator. 


with water at 7-3°. The treated material was diluted to 92 ml 
with the acetate buffer and freed of cells by centrifuging twice 
at 13,000 r.p.m. in a Model 85 Servall centrifuge. 

Precipitation of crude acylase from 75 ml of the L. arabinosus 
extract was begun by gradual addition of 39 ml of ethanol (45 
g/100 ml) which was 9.10 m in sodium acetate and 0.0159 m in 
acetic acid. The temperature was brought to —6° during this 
addition. The precipitation was completed by adding a second 
solution of 250 ml of ethanol (92.5% by weight) containing the 
same proportions of sodium acetate and acetic acid. The final 
temperature was —13°. The resulting suspension was centri- 
fuged and the precipitate was lyophilized from 25 ml of aqueous 
suspension, at room temperature, to give 745 mg of a light grey 
powder containing 11.8 per cent of nitrogen by Kjeldahl analysis 
(acylase B). 

Acylase C1 and acylase C2 were fractions obtained by a similar 
technique by precipitation at 0 to 15% by weight of ethanol, 
respectively. Sonic disintegration treatment of cells from 12 
liters of medium was applied for 30 minutes; 75 mg of acylase 
C1 and 37 mg of acylase C2 were obtained. Acylase A was a 
buffer extract of L. arabinosus in which the buffer had 14 of the 
salt concentrations of the medium. 


Substrates and Inhibitors (See Table I) 


Incubations—The stock Veronal-acetate buffers used in study- 
ing acylase activity from pH 4.5 to pH 7.5 were similar to those 
of Michaelis (15), but were 0.033 m in total Veronal, 0.033 m in 
total acetate, and of ionic strength 0.067. The stock substrate 
solutions were all 0.305 m in the L component. The acylase 
preparations were dissolved in cold water and were refrigerated 
when not in use. They were used within a few hours as loss of 
activity was complete within a day. Enzyme-substrate experi- 
ments were set up by adding 1.25 ml of acylamino acid solution, 
0.75 ml of buffer solution, and a drop of toluene to each tube, 
the tubes being warmed at 37° for at least 30 minutes before 
adding 0.50 ml of acylase solution. After addition of enzyme, 
incubation was carried out for 4 hours at 37° before autoclaving 
the solution for 5 minutes at 15 p.s.i. The pH of replicated tubes 
was determined at the beginning and end of enzyme-substrate 
incubations and averaged. Acylase action on benzoyl]-t-leucine 
was measured in each experiment as a’ standard. 

Assay for Acylamino Acid—To 2.5-ml portions of known and 
unknown amounts of amino acids were added 2.5 ml of double 
strength medium lacking the amino acid assayed, and assay was 
carried out as described for S. faecalis with a similar medium (1). 
Bacterial growth was measured by titration with standard sodium 
hydroxide of acid produced. t-Leucine, t-histidine, L-arginine, 
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Acylase System of L. arabinosus 


t-threonine, and t-valine were each assayed with S. faecalis R, 


ATCC 8043. 


L-Phenylalanine was assayed with L. arabinosus 


in a medium modified from the above so as to contain 10 g of 


arabinose and 70 g of glucose per liter. 


TaBLe I 


Substrates, inhibitors, and intermediates 


Leuconostoc mesenteroides 

















Litera- 
ture 
Compound Properties —_ Prepared by 
prepa- 
ration 
Benzoyl-t-leucine m.p. 104 to Authors? 
105.5° 
Other benzoylamino acids | Given in (1) (1) | Itschner 
et al. 
Benzyloxycarbonylglycyl- | m.p. 143.5 to (6) | Authors 
L-leucine 144.5°¢ 
Chloroacetyl-pi-leucine m.p. 139.5 to} (7) | Authors 
140.5° 
p-Phenylalanine [a]> +383° in| (8) | Mr.J.Mos- 
20% HCl ser 
p-Valine [alo —26.2° in| (9) | Dr. M. 
20% HCl Fling 
p-Leucine [a]> —15.1° in | (10) | Dr. M. 
20% HCl Fling 
Benzoyl-pt-leucinamide m.p. 168 to | (11) | Dr. H. Wax 
169° 
Bacitracin Potency 55 Commer- 
units per mg cial Sol- 
vents, 
Inc. 
5-Cyclobutane — spirohy- | m.p. 224.5 to | (12) | Authors 
dantoin 225.5° 
1-Aminocyclobutanecar- (13) | Authors 
boxylie acid¢ 
Diethyleyclobutane-1 ,1- b.p. 106 to 113° | (14) | Authors 
dicarboxylate per 15 mm 
Cyclobutane-1 , 1-dicar- Decomposes at | (12) | Authors 
boxylbromamide 160 to 165° 
N-Phenylacetyl-l-amino- | m.p. 194 to Authors’ 
cyclobutanecarboxylic 194.5°¢ 
acid 
N-Benzoyl-l-aminocyclo- | m.p. 202.5° Authors* 
butanecarboxylic acid 





@ It gives 96% of the theoretical L-leucine content in an assay 
with L. arabinosus and none with S. faecalis. 
> Prepared from methionine-free L-leucine (product of Mann 
Research Laboratories, Inc.) by the Schotten-Baumann reaction. 





Purified through the ethyl ether addition compound. Fischer 
prepared benzoyl-t-leucine by resolution of benzoyl-pi-leucine 
(5); he describes the ethyl ether addition compound of benzoyl-.- 
leucine in the same reference (5). 

¢ It gives 100% of theoretical L-leucine content in an assay with 
L. arabinosus and 3% with S. faecalis. 

4 Calculated N for CsHyNO: is 12.16%; found: N 12.32%. 

¢ Calculated N for C,;3HisNO; is 6.03%, neutralization equiva- 
lent 233; found: N 6.05%, neutralization equivalent 233. 

‘ Prepared by reaction of 1-aminocyclobutanecarboxylic acid 
with aqueous sodium hydroxide and phenylacetyl chloride. 

¢ Calculated N for Ci2:H:;NO; is 6.41%, neutralization equiva- 
lent 219; found: N 6.37%, neutralization equivalent 217. 

+ Prepared by Schotten-Baumann reaction. 
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TABLE II 
Acylase action on several substrates in single experiments 
In each experiment a single enzyme solution was used. Final 
concentrations of Veronal-acetate correspond to an ionic strength 
of 0.02. Substrates were 0.152 mm in the tL form and the total 
volume was 2.5 ml. Incubation time was 4 hours at 37°. 





| 








Ex- 

= Substrate Acylase B pH Hydrolysis 

No. 

ug per ml % 
1 | Benzoyl-.-leucine ee 5.81 58.0 
1 | Benzoyl-pi-methionine 11.1 5.80 5.5 
1 | Benzoyl-pt-valine 11.1 5.73 1.3 
1 | Benzoyl-pt-phenylalanine 33.1 5.82 0.9 
2 | Benzoyl-u-leucine | ee 5.55 53.0 
2 | Chloroacetyl-pt-leucine a3 5.55 52.0 
3 | Chloroacetyl-pi-phenylala- 139.0 5.62 63.0 
nine 

3 | Benzoyl-pi-leucinamide 9.24 6.00 1.0 
3 | Benzoyl-t-leucine 9.24 6.00 49.0 

















P-60, ATCC 8042, was the assay organism for L-aspartic acid; 
the standard medium was altered to contain 209 mg of L-glutamic 
acid, 4.0 g of KLHPOx,, 4.0 g of KH2POx,, and 40 g of sodium ace- 
tate per liter. The medium for L-glutamic acid assay had been 
altered from the standard medium so as to contain 200 mg of 
DL-aspartic acid, 200 mg of L-asparagine, 50 mg of L-glutamine, 
and 40 mg of sodium acetate per liter; L. arabinosus was the 
assay organism. Lactobacillus brevis, ATCC 8287, was used to 
measure concentrations of methionine. The medium was a mod- 
ification of that described by Kuiken, Lyman, and Hale (16) 
and contained in each liter 10 g of peptone treated with 1.0 ml 
of hydrogen peroxide (30 volume per cent). 

Compounds tested as acylase inhibitors were included in the 
leucine assay together with one level of t-leucine in the range 
of 0 to 40 yg per tube to test their effect on the assay of leucine. 
When the titration value of a tube containing inhibitor differed 
from that of the corresponding tube containing no inhibitor, the 
difference was applied as a correction in the calculation of the 
extent of enzymic hydrolysis. 

Growth Inhibition Experiments—The influence of isocaproate 
on the growth of L. arabinosus in the synthetic medium contain- 
ing either L-leucine or benzoyl-t-leucine as the only source of 
leucine was investigated. Tubes containing 5 ml of solution each 
were inoculated with 0.10 ml of a washed saline suspension of 
L. arabinosus from a 14-hour peptone culture. The inoculated 
tubes (in triplicate) were incubated for 13 hours at 37°. Growth 
was measured as per cent transmittance. 


RESULTS 


The extent of hydrolysis of several substrates during single 
experiments is given in Table II. At the concentrations of 
acylase used in Experiment 1 (Table II), benzyloxycarbonyl- 
glycyl-t-leucine is about 100 per cent hydrolyzed. The lack of 
hydrolysis of benzoyl-pt-leucinamide as compared to that of 
benzoyl-t-leucine is demonstrated by Experiment 3 of Table II. 

Figures 1 and 2 show the effect of pH on the hydrolysis of 
benzoyl-t-leucine, benzyloxycarbonylglycyl-t-leucine, benzoyl- 
pL-methionine, benzoyl-pL-valine, and benzoyl-pu-phenylalanine. 
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The pH optima ranged from 5.6 to 7.2 at enzyme concentrations 
that were varied to give appreciable hydrolysis at the pH maxi- 
mum. ‘The graphs of the rate of hydrolysis for the latter three 
substrates were obtained by employing relatively massive pro- 
portions of enzyme, inasmuch as the hydrolysis of these sub- 
strates was slow at concentrations of enzyme which substantially 
catalyzed the hydrolysis of the acylleucines (Table II). Com- 
pounds not detectably hydrolyzed by a high concentration of 
acylase B in the pH range 4.5 to 7.5 were benzoyl-L-glutamic 
acid, benzoyl-L-aspartic acid, a-benzoyl-L-arginine, a-benzoy]-L- 
histidine, and N-benzoyl-pt-threonine. 
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Fig. 1. Hydrolysis of benzoyl-t-leucine (BZ-t-leucine) by 9.24 
ug. per ml of acylase, benzyloxycarbonylglycyl-u-leucine (CBZO- 
gly-u-leu) by 3.85 ug per ml of acylase, and benzoyl-pi-methio- 
nine (BZ-pL-METH) by 185 ug per ml of acylase, as a function of 
pH. Other conditions as for Table IT. 
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Fig. 2. Hydrolysis of benzoyl-pi-phenylalanine (BZ-pi-@ALA) 
by 554 ug per ml of acylase and benzoyl-pi-valine (BZ-pL-VAL) 
by 464 wg per ml of acylase, as afunction of pH. Other conditions 
as for Table II. 
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TaBLe III 


Activity of several acylase preparations on benzoyl-t-leucine and 
benzylorycarbonylglycyl-t-leucine 


Substrates were 0.152 mm and the total volume was 2.5 ml per 











tube. Incubation times were 4 hours at 37°. Where pH is in- 
dicated as ca. 6, a buffer giving pH 6.0 at this dilution was used. 
Benzoyl-t-leucine | Benzyloxycarbonyl- 
Fl Enzyme concentration 

pH es pH Hydrolysis 

ug per ml % % 

Ae | 4.1 (as nitrogen) 6.31 29 6.38 35 
Be | 9.24 (total weighed) | 6.06 60 | ca.6 | ca. 100 

IITA¢ | 9.4 (total weighed) ca. 6 19 ca. 6 36 

IIIBe | 23.2 (total weighed) | ca. 6 38 ca. 6 80 




















“Salt concentrations are 4 those of the standard medium 
(‘Methods and Materials’’). 

> Conditions of Table II. 

¢ In Veronal-acetate buffer of ionic strength 0.04. Similar val- 
ues were obtained at ionic strength 0.02 when a mixture of enzyme 
preparation IIIA and IIIB was used. 


Table III indicates the activity of several enzyme fractions 
on benzoyl-u-leucine and benzyloxycarbonylglycyl-.-leucine. 
Table IV describes the effect of various compounds on hydroly- 
sis by leucine acylase B. Table V describes the effect of iso- 
caproate on growth of L. arabinosus as measured turbidimetric- 
ally. 


DISCUSSION 


The sharp preferences of the acylase are notable. The main 
preference is for substrates containing C-terminal L-leucine, and 
this is paralleled in the marked nutritional availability of leucine 
derivatives to L. arabinosus. Thus, the benzoyl-, chloroacetyl-, 
and benzyloxycarbonylglycyl- derivatives of leucine are rapidly 
hydrolyzed by acylase and also readily utilized by L. arabinosus 
(1, 17, 18). ‘The benzoylamino acid which is the next most sus- 
ceptible to acylase action, benzoyl-pL-methionine, is hydrolyzed 
at about 10% of the rate of benzoyl-t-leucine (Table II) and is 
utilized nutritionally to a lesser extent than is the leucine deriva- 
tive (1). 

Benzoy]-L-glutamic acid, a-benzoyl-L-arginine, and N-benzoyl- 
pL-threonine are neither hydrolyzed nor utilized (1). a-Benzoyl- 
L-histidine and benzoy]-L-aspartic acid, which are not hydrolyzed 
by acylase, had not been tested in the nutritional experiments 
because the corresponding free amino acids are not essential to 
L. arabinosus (1). 

Benzoyl-pi-phenylalanine, benzoyl-pi-valine, and chloroace- 
tyl-pL-phenylalanine were hydrolyzed at a low rate by the acylase 
system; these compounds were not significantly utilized by L. 
arabinosus (1, 17). The rates of hydrolysis of benzoyl-p1- 
phenylalanine, of benzoyl-pt-valine, and perhaps of chloroace- 
tyl-pL-phenylalanine, are so low as to be essentially in agree- 
ment with the results of the utilization experiments. 

Among the other amino acid derivatives not utilized by L. 
arabinosus are benzoyl-pt-tryptophan (1), acetyl-pi-phenylala- 
nine, acetyl-pi-tryptophan, chloroacetyl-pL-tryptophan, acetyl- 
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TaBLe IV 


Effect of added compounds on hydrolysis of benzoyl-x-leucine 
and benzylozycarbonylglycyl-L-leucine by acylase 


Substrate was 0.152 mm in Veronal-acetate buffer of ionic 











strength 0.02. Incubation time was 4 hours at 37°. 
| Inhibition® 
Compound Concentration ——— _— os al 
zoyl-L- — 
leucine? ‘lea 
cine® 
% % 
Isocaproic acid 0.01 m 6.28 92 96 
Isocaproic acid 0.001 m 6.12 83 90 
Isocaproic acid 0.0001 m 6.12 54 68 
p-Leucine 0.01 m 6.10 0 0 
p-Valine 0.1m 6.18 0 0 
p-Phenylalanine 0.1m 6.00 76 94 
1-Aminocyclobutanecar- | 0.01 m 6.01 2 14 
boxylic acid 
5-Cyclobutane spirohy- | 0.01 m 6.07 0 
dantoin 
Penicillin G potassium | lywg perml | 5.82 0 20 
salt 
Bacitracin 200 wg per ml 6.01 0 0 
Aureomycin hydrochlo- | 50 ug per ml 6.02 5 12 
ride 

















@ The zeros indicate that enzymic hydrolysis in the presence of 
the added compound is equal to or greater than enzymic hydroly- 
sis in the absence of the compound. Each figure is the average 
of duplicates. 

> The hydrolysis of the controls (no added compound) was from 
55 to 86% and the control for isocaproic acid and p-phenylalanine 
was hydrolyzed 55%. 

¢ The hydrolysis of the controls was from 50 to 73% and the 
control for isocaproate and p-phenylalanine was hydrolyzed 61%. 


TABLE V 


Results of isocaproate addition on growth of L. arabinosus in 
presence of L-leucine or benzoyl-x-leucine 


Total volume in tube was 5.0 ml and incubation temperature 
was 37°. 





Trans- 
Concentration mittance 
of isocaproate |after 13 to 14 
ours 


Leucine source added to medium lacking leucine 








M % 
0.381 umole benzoyl-uL-leucine 0.00 30 
0.381 umole benzoyl-u-leucine 0.01 62 
0.381 umole L-leucine 0.00 23 
0.381 pmole L-leucine 0.01 23 








pL-valine (17), and benzoyl-L-valyl-t-valine (19). Also, Spies 
and Chambers stated that L. arabinosus 17-5 made use of formyl- 
t-methionine to the extent of about 5% (20). The over-all pic- 
ture of a close parallel between preferences of the isolated enzyme 
and nutritional utilization phenomena are due to the preferences 
of an acylase or acylases produced by L. arabinosus. 

One enzyme evidently catalyzes the hydrolysis of benzoy]-L- 
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leucine and of benzyloxycarbonylglycyl-t-leucine; this inference 
results from the similar pattern of inhibition of hydrolysis of the 
two substrates (Table IV). Thus, isocaproic acid and p-phenyl- 
alanine each inhibited the hydrolysis of benzoyl-L-leucine and 
benzyloxycarbonylglycyl-t-leucine. Also supporting this infer- 
ence is the approximate constancy of the activity ratios for the 
two substrates for four different enzyme preparations, three of 
which had differing activities (Table III). The failure of ben- 
zoyl-pL-leucinamide to be hydrolyzed by acylase is evidence that 
the leucineacylase which hydrolyzes benzoyl-u-leucine (and 
benzyloxycarbonylglycyl-t-leucine) is a carboxypeptidase. This 
view agrees with the interpretations of Neurath and Schwert 
(21). No evidence has been obtained to answer the question 
whether additional enzymes are responsible for the observed hy- 
drolysis of benzoyl-pt-methionine, benzoyl-pL-valine, chloroace- 
tyl-pL-phenylalanine, and benzoyl-pt-phenylalanine. 

Fox, Fling, and Bollenback had reported that a high level of 
D-leucine inhibits the growth of L. arabinosus (22). This in turn 
suggested experiments to determine if the acylase system of L. 
arabinosus would also be inhibited by p-amino acids. 

p-Phenylalanine at a high concentration inhibits the acylase 
from L. arabinosus although p-leucine is not found to possess this 
property. Isocaproate powerfully inhibits the hydrolysis of 
benzoylleucine by the enzyme (Table IV), but growth of L. ara- 
binosus is normal when the bacterium is supplied with leucine 
in the presence of isocaproate. However, isocaproate inhibits 
growth of L. arabinosus in a medium containing benzoylleucine 
instead of leucine (Table V). These results can be interpreted 
as signifying that the function of the acylase in releasing leucine 
from the leucine-containing substrates is inhibited by isocaproate 
in vivo. 


SUMMARY 


A crude lyophilized enzyme preparation from Lactobacillus 
arabinosus has been found to catalyze hydrolysis of benzoyl- 
amino acids in a pattern which closely resembles preferences 
displayed by the living cells in responding nutritionally to these 
compounds. In both the isolated enzyme system and with the 
growing cells, benzoyl-t-leucine is attacked much more rapidly 
than benzoyl-t-methionine. Seven other benzoylamino acids 
are inert or almost inert as acylase substrates and in the nutri- 
tion of the bacterium. 
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Many metabolic activities of duck erythrocytes have been 
investigated in vitro. The uptake of amino acids by these nu- 
cleated cells has been found to occur against a concentration 
gradient by Christensen et al. (1). Both intact red cells (2, 3) 
and cell-free preparations from avian erythrocytes (4, 5) have 
been used to study the mechanism of biosynthesis of the heme 
molecule. Conditions which affect the incorporation of glycine 
into globin in duck erythrocytes have been evaluated by Kas- 
senaar et al. (6). The red cell is particularly suitable for a 
study of the incorporation of amino acids into protein since 
globin accounts for a high percentage of the protein synthesized 

7). 

' o an attempt to gain an insight into the process by which 
globin is synthesized, the incorporation of labeled leucine into 
the globin fraction of the intact duck erythrocyte has been 
studied. Changes in the specific activity of globin have been 
investigated after the transfer of the cells from a medium con- 
taining radioactive leucine to one with no labeled compounds. 
An increase in the specific activity for many hours in the ab- 
sence of any additional external source of labeled leucine is a 
striking property of this cell which suggests the nature of the 
synthetic process. 


EXPERIMENTAL PROCEDURE 


Blood was collected from white Peking ducks by cardiac punc- 
ture. Cells were chilled, centrifuged, and washed 3 times with 
cold Krebs-Ringer-bicarbonate buffer. A standard incubation 
mixture was used throughout the investigation and contained 
6 ml of washed and packed erythrocytes in a final volume of 
18 ml. The standard mixture contained 31.5 mg of glucose, 
0.55 mg of Fe(NH,4)2(SO«)2, 2 mg of penicillin, and 3 mg of 
streptomycin. Amino acids were in the proportion and con- 
centration used for rabbit reticulocytes by Borsook et al. (8). 
The amount of t-leucine in the mixture was reduced in relation 
to the added radioactive leucine. The specific activity of the 
pt-leucine-1-C™ was 12.2 me per mmole (New England Nuclear 
Corporation), and the final incubation mixtures contained 1 ye 
per ml. In a single experiment, uniformly labeled C™-1-leucine 
with a specific activity of 5.5 me per mmole (Nuclear-Chicago 
Corporation) in the amount of 0.5 ue per ml of incubation mix- 
ture was substituted for the pi-leucine-1-C. Krebs-Ringer- 
bicarbonate buffer was the suspending medium. Incubations 
were carried out in an atmosphere of 95% O2-5% COs except 


* This investigation was supported in part by grants from the 
United States Atomic Energy Commission Contract No. AT- 
(40-1)-1988 and the Robert A. Welch Foundation, Houston, Texas. 


in a few cases as indicated when the gas mixture was 95% N.-5% 
CO,.. All solutions were equilibrated with the appropriate 
mixture before incubation. 

In each investigation, the first incubation will be referred to 
as ‘‘A’”’; the medium contained pt-leucine-1-C™. Incubation 
media for “‘A” were prepared in 5-fold amounts of the standard 
mixture to allow for subsequent delivery of cells into several 
flasks. Incubations ‘“‘A’’ were run at 38° for 80 minutes in a 
Dubnoff metabolic shaker. After “‘A,” the mixtures were di- 
luted immediately with cold Krebs-Ringer-bicarbonate buffer 
and centrifuged at 0°. The cells were subsequently washed 3 
times with cold buffer and were kept at 0°. Aliquots of the 
washed cells were then added to previously warmed incubation 
media for second incubations at 38°. The second incubation 
will be referred to as “B’’ for each experiment. The standard 
incubation mixture was used in each “B” system, except for 
changes in the amino acids and glucose as described for each 
experiment. It should be noted that for each “B” experiment, 
the cells had been washed free from labeled leucine not already 
inside or firmly attached to the cells, and no leucine-C™ was in 
the incubation medium. After this, in one experiment, the cells 
in each flask were collected and resuspended for a third incuba- 
tion, ‘‘C,”’ in a medium identical to the one used for “B.” At 
various times during the incubation, 3-ml aliquots were taken. 
Each aliquot was immediately diluted with 10 volumes of cold 
0.9% NaCl solution and centrifuged. The cells were washed 3 
times with cold 0.9% NaCl solution and were lysed with 10 ml 
of distilled water. To the lysate were added 2 ml of toluene, 
and an emulsion was formed when the mixture was thoroughly 
agitated (6). After the mixture had been allowed to stand 
overnight at 4°, the solution was filtered to give a crystal-clear 
red solution which will henceforth be referred to as ‘intracellular 
contents.”’ Portions of this solution were plated onto lens tissue 
in l-inch planchets (9) and counted with a Micromil window 
gas flow counter, Nuclear-Chicago Corporation. The activities 
of the “intracellular contents” solutions were corrected to a 
uniform thickness of 2.2 mg per cm? from an experimentally 
prepared curve (10). The remainder of the solution was used 
for the isolation of globin by the method described by Kassenaar 
et al. (6). The globin was suspended in acetone with the aid 
of a Potter-Elvehjem type homogenizer with a Teflon pestle 
and the suspension was filtered onto a paper disk and counted. 
The activities of the globin preparations were corrected for 


- weight and are expressed in counts per minute per milligram. 


The incorporation of radioactivity from leucine-C™ into the 


* globin fraction will be referred to in this discussion as “incorpo- 


ration into globin.” In order to ascertain the contribution of 
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labeled globin to the total radioactivity in the “intracellular 
contents,” the solutions remaining after globin precipitation 
were pooled, concentrated, and assayed for activity by the 
method described for the globin samples. The total globin 
activity was compared to the total activity in the original ly- 
sate. Sufficient counts were obtained for each planchet to as- 
sure that the sample per cent error did not exceed 2%. 


RESULTS AND DISCUSSION 


The nucleated erythrocyte of the duck has been successively 
incubated in two different media in order to study the incorpo- 
ration of leucine into the protein, globin. Radioactive leucine 
was included in the first incubation, “‘A,’’ but was omitted in 
the second incubation, “B.” Fig. 1 illustrates the specific ac- 
tivity of globin and the relative levels of activity found in the 
“intracellular contents” during the two incubations, “A’’ and 
“B.” As is indicated in the lower left quadrant, the cellular 
concentration of C™ in incubation “‘A” was still increasing after 
80 minutes. When the washed cells were reincubated in the 
absence of labeled leucine and with different amino acid con- 
stituents in the media, the loss of C'* from the cell was rapid in 
all cases for approximately 1 hour (lower right quadrant), and 
shortly thereafter the activity in the “intracellular contents” 
reached a level which subsequently decreased only slightly. 
The specific activity of globin in incubation “A” rose slowly. 
During “B,” in the first flask containing the complete amino acid 
mixture (8) including leucine-C™, the specific activity of the 
globin increased slightly in 3 hours. In the second flask con- 
taining leucine-C” at 3 times the level found in the first flask, 
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Fic. 1. Time curves of radioactivity in ‘intracellular contents”’ 
and globin in duck erythrocytes with different amino acid addi- 
tions to the media of “‘B.”” The standard incubation mixture with 
DL-leucine-1-C'4 was employed for “‘A,”” O——O). The media for 
“B”’ contained no labeled leucine and were composed of the stand- 
ard incubation mixture minus the amino acid complement plus 
either the complete amino acid mixture @——®, leucine only at 
3 times the amount in the complete amino acid mixture X——X, 
or contained no amino acid O——O. The radioactivity in the 
“fntracellular contents’’ is counts per minute corrected to a uni- 
form thickness of 2.2 mg per cm? on a 1-inch planchet (10). 
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Fig. 2. Time curves of radioactivity with variations in glucose 


content and gassing atmosphere of ‘‘B.’’? The standard incuba- 
tion mixture was used for “‘A,’’? O O. Two flasks of ‘‘B’’ were 
in an atmosphere of 95% O2-5% COs and contained no amino acids. 
Glucose was present in O——O, and absent in @——@. One 
flask X*——-X of ‘‘B’’ contained glucose but no amino acids in the 
presence of 95% N2-5% COs. The radioactivity in the ‘‘intra- 
cellular contents’ is counts per minute corrected to a uniform 
thickness of 2.2 mg per cm? on a 1-inch planchet (10). 





but with no other amino acids, the same general pattern of 
globin labeling was evident. This would suggest that no rapid 
or extensive exchange mechanism was operating in this system 
between large amounts of leucine-C” in the cell and medium, 
and the leucine already incorporated into globin. If a signifi- 
cant exchange had occurred, the specific activity of globin in 
the flasks containing large excesses of leucine-C!? would have 
been expected to decrease. In the third flask containing no 
amino acids, the specific activity of the globin rose rapidly to a 
level approximately 3-fold higher than that found at the initia- 
tion of “B.’”’ It is striking that even with the concurrent rapid 
loss of C™ from the total “intracellular contents,” a very signifi- 
cant increase in the incorporation into globin occurred from 
sources of leucine-C within the cell. The small rate of incorpo- 
ration of C™ into globin in the cases where leucine-C” was pres- 
ent in the media of “B” is thus in direct contrast to a situation 
in which no exogenous leucine-C” was in “B.” If within the 
cell, leucine-C!* had been held by a concentrating mechanism 
or bound in some fashion on the pathway to the globin mole- 
cule, the presence of leucine-C” in the media of the first and 
second flasks during incubation “B” might have caused the di- 
lution of the held or bound leucine-C“. A mechanism of this 
nature is supported by the observation of Hoagland et al. (11) 
in which a dilution of leucine-C" labeling in the pH 5 enzyme 
fraction was noted upon the addition of leucine-C”. 

The need for glucose and for oxygen for the continued increase 
in specific activity of globin in the medium containing no la- 
beled leucine was examined (Fig. 2). These “B” incubations 
were allowed to proceed for 20 hours in the absence of an amino 
acid mixture. It is evident, from the closely parallel results of 
the two flasks of “B” which varied only in glucose content, that 
glucose was not limiting for the incorporation of leucine into 
globin under these conditions. The cellular uptake and release 
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Fig. 3. Time curves of radioactivity with variations of atmos- 
phere and amino acids after “‘A.’”? Erythrocytes from “‘B’”’ were 
resuspended in an identical medium for ‘‘C.’’ The standard in- 
cubation mixture was equilibrated with 95% O2-5% COs for “‘A,”’ 
O——O. Cells from this flask were used for 2 flasks of ‘“‘B’”’ and 
“C”’ under the same atmosphere, with O——O, the complete 
amino acid mixture minus leucine, and @——®, no amino acids. 
The standard incubation mixture was equilibrated with 95% 
N2-5% COs for ‘‘A’’ (4, and cells from this flask were used 
for ‘‘B”’ and “‘C’’ X—— xX, in the presence of the complete amino 
acid mixture minus leucine. The radioactivity in the “‘intra- 
cellular contents’ is counts per minute corrected to a uniform 
thickness of 2.2 mg per cm? on a 1-inch planchet (10). 





of C™ were similar to those previously observed, and again no 
significant difference in the loss of isotope from the “intracellu- 
lar contents” was apparent under the conditions of “B.” Even 
after 20 hours, levels of activity in the “intracellular contents” 
were almost unchanged from those observed after 1 hour of 
incubation “B.” A third portion of the washed cells was in- 
cubated in a flask with glucose and under an atmosphere of 
95% Nx5% COx The specific activity of the globin increased 
at a rate as great as that which occurred under O.-COz in a 
similar medium. 

One factor which might have contributed to the prolonged 
rise in specific activity of globin during “B”’ was the radioactive 
leucine which was transferred from the cell out into the incuba- 
tion medium. This label could have reentered the cell for 
eventual incorporation. In order to reduce the effect of such a 
reservoir, use was made of the fact that 60 to 80% of the la- 
beled material was transferred from the cell during the first 
hour of “B.” Accordingly, at the end of the first hour of “B” 
(Fig. 3) the cells were again chilled, centrifuged, and resuspended 
in fresh media for a third incubation “C.” Conditions were 
identical for ““B” and “C” for each portion of cells. The results 
gave evidence that the process of resuspension in a third incu- 
bation mixture did not limit the level of the eventual specific 
activity of globin. Neither did it appreciably lower the level 
at which the radioactivity of the ‘intracellular contents” reached 
a steady state. To gain an insight into the relative magnitude of 
the radioactivity in the intracellular components, it was deter- 
mined that during incubations “A” the globin activity repre- 
sented between 0.2% and 0.5% of the total activity in the 
“intracellular contents.” The contribution of labeled globin 
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to the plateau of radioactivity in the “intracellular contents” 
in “B” (and “C”) was found not to exceed 6% of the total 
under any of the test conditions. 

In order to observe any possible enhancement of incorpora- 
tion of leucine-C" by other amino acids without a diluting effect 
of leucine-C, cells which had been incubated under O2-COs in 
“A” were divided into two portions for “B’’ under the same 
gas mixture (Fig. 3). One flask in ““B” contained all the amino 
acids found in the complete amino acid mixture (8) with the 
exception of leucine, whereas the second flask had no amino 
acids in the medium. It is apparent that the incorporation 
rates in the two flasks, with and without amino acids, were 
almost parallel indicating the lack of enhancement by other 
amino acids during the 20 hours of “‘B” and “C.”’ 

After observing (Fig. 2) that the rise in specific activity during 
“B” was not dependent on oxygen, one portion of cells (Fig. 3) 
was subjected to a gas mixture of Ne-COz during the entire three 
incubation periods. The uptake of leucine by these cells in “A” 
was similar to that which occurred in O-COs2 and was in accord 
with the observation of Christensen et al. (1) that the uptake of 
glycine by erythrocytes was not significantly affected by anoxia, 
The cells were not deprived of ability to incorporate leucine-C™ 
into globin during the three incubations. An additional study 
was designed to evaluate the ability of molecular oxygen, car- 
ried and bound in the cells as oxyhemoglobin, to sustain normal 
cellular metabolism in the anoxic flasks. The hemoglobin at 
the initiation of an incubation was found to be approximately 
80% saturated with oxygen (12), but after 90 minutes in an 
incubation in the absence of Oz, this level had dropped below 

%. Therefore, one portion of cells was preincubated for two 
hours in N2-CO> in the absence of amino acids. The cells were 
protected from exposure to oxygen, collected, and then subjected 
to the three incubation periods as before in the presence of N- 
CO, and labeled leucine. No difference in the labeling pattern 
was evident as a result of the preincubation and depletion of 
bound oxygen before exposure of the cells to labeled leucine. 
The ability to incorporate the labeled amino acids under anaero- 


TABLE I 
Comparison of incorporation of pL-leucine-1-C'4 and 
uniformly labeled C'*-x-leucine into the globin 
fraction in duck erythrocytes 
Incubations ‘‘A’’ contained either pi-leucine-1-C'4 (1 ye/ml of 
incubation mixture) or uniformly labeled C*4-L-leucine (0.5 we/ml 
incubation mixture) in addition to the mixture of the other amino 
acids (8) plus glucose. Incubations ‘‘B’’ contained no tracer 
compounds in the media and contained glucose and the amino acid 
mixture (8) minus leucine. 

















Time Specific activity of globin c.p.m./mg 

Incubation co. : 
Min Hr pi-Leucine-1-C™ | Caiieceeleee 

5 1.0 0.9 

ie 3.0 3.2 

sag’ hag 20 10.3 

| 40 19.9 15.4 

80 35.6 38.6 

0 35.0 44.1 

sage 1 | 65.2 65.5 

2 | 70.3 71.1 

3 | 92.7 88.1 
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bic conditions, at a rate equal to or perhaps greater than that in 
the presence of oxygen, is somewhat in contrast to the observa- 
tion with rabbit reticulocytes in which approximately 69% in- 
hibition occurred in the absence of oxygen (13). It is in even 
greater contrast to red blood marrow cells (14) and rat dia- 
phragm (15) in which anaerobiosis completely inhibited the 
incorporation of leucine. 

It appears that under a variety of conditions in the absence 
of radioactive leucine in a second incubation of duck erythro- 
cytes, after an initial incubation in the presence of p1-leucine- 
1-C'™, several-fold increases in specific activity of the protein, 
globin, can occur. This suggests that fairly large amounts of 
labeled leucine were maintained within the cell by a concentrat- 
ing mechanism or were bound in the cell in a form which could 
not rapidly diffuse from the cell and which were on the pathway 
of globin synthesis. Rabinovitz and Olson (16) have described 
an “evanescent protein precursor to the soluble protein” in the 
microsomes of rabbit reticulocytes. A nondiffusible, pre-protein 
with a life of longer duration than that observed by Rabinovitz 
and Olson would account for the results observed with duck 
erythrocytes. 

The use of labeled pt-leucine as the isotopic tracer introduced 
the possibility of incorporation of metabolites of p-leucine. 
Uniformly labeled C**-1-leucine has accordingly been studied 
in parallel experiments with pt-leucine-1-C™ (Table I). Very 
similar sequential patterns of specific activity were evident from 
both tracer sources. Therefore the presence of the D isomer in 
conjunction with t-leucine in the experiments herein reported 
probably did not significantly affect the resulting observations. 

For comparative purposes after initial incubation, aliquots 
were allowed to continue uninterrupted for 20 hours in the 
original media containing leucine-C'. The specific activity of 
the globin isolated from these cells at the end of the incubation 
was approximately 1.5 times that from cells which had been 
resuspended for the second incubation of 20 hours in the absence 
of labeled leucine. Thus a cell can acquire in 80 minutes enough 
labeled leucine to perform a major portion of the possible in- 
corporation which could have occurred in the next 20 hours with 
leucine-C™ in the media. The fairly long period during which 
the specific activity significantly increases, with the primary 
source of isotopic material being that within the cell, makes this 
system particularly unique for a study of the intermediates in 
the incorporation of amino acids into proteins. 
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SUMMARY 


When duck erythrocytes were first incubated in a medium 
containing radioactive leucine and were then ‘reincubated with- 
out labeled leucine in the medium, the specific activity of globin 
in the cell continued to rise for 20 hours. The increase in spe- 
cific activity was not inhibited either by anoxia or by the lack 
of glucose. The addition of an amino acid mixture devoid of 
only leucine did not enhance the process. A much smaller in- 
crease in specific activity occurred in the presence of leucine-C”. 
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Profound changes in protein metabolism noted in diabetes 
mellitus are grossly reflected in a negative nitrogen balance. It 
is not clear whether this is due to depressed protein synthesis or 
to increased protein catabolism. Turnover studies with N?®- 
glycine have been interpreted to favor an effect on synthesis 
(1). Krahl (2) has demonstrated that liver slices from diabetic 
rats have a decreased capacity to incorporate glycine-1-C™ into 
glutathione and into liver proteins. Forker et al. (3), found a 
3- to 5-fold decrease in the incorporation of S*°-methionine into 
muscle proteins of eviscerated depancreatized dogs. Forker and 
Chaikoff (4) failed to find any abnormality in the rate of degrada- 
tion of S*5-methionine-labeled plasma proteins in depancreatized 
dogs. 

This report describes isolated liver perfusions in which the 
net catabolism of leucine-C'-labeled liver and plasma proteins 
was estimated by the extent of conversion to COs. The ex- 
periments were motivated by the prior observations of Haft and 
Miller (5, 6) that isolated perfused alloxan-diabetic rat livers 
have an abnormally large endogenous urea nitrogen production. 

In brief, this report indicates that the increased urea-nitrogen 
production in alloxan diabetes may be accounted for by enhanced 
catabolism of both liver and plasma proteins. Furthermore, 
incorporation by the alloxan-diabetic liver of uniformly labeled 
L-leucine-C“ into plasma and liver proteins is markedly de- 
pressed. The data also demonstrate that diabetic and normal 
rat livers catabolize the free amino acids pt-leucine-1-C™ and 
uniformly labeled t-leucine-C“ to CO: at a similar rate, al- 
though quantitatively the extent of oxidation of pt-leucine-1-C™ 
is about three times as great as the extent of oxidation of uni- 
formly labeled L-leucine-C™. 


EXPERIMENTAL PROCEDURE 


Animals—The rats used as blood and liver donors weighed 
from 200 to 400 g, and were males of a Wistar strain, bred at 
this laboratory. The animals, maintained on a commercial diet 
(Purina Checkers), were allowed only water for 16 to 18 hours 
before the start of the perfusion. 


* These studies were performed under contract with the United 
States Atomic Energy Commission at the University of Rochester 
Atomic Energy Project, Rochester, New York, and were aided in 
part by a research grant from the Medical Research and Develop- 
ment Board, Office of the Surgeon General, Department of the 
Army, under Contract No. DA-49-007-MD-451, and by a grant 
from the Jane Coffin Childs Memorial Fund for Medical Research. 

A portion of these observations was reported at the 50th meet- 
ing of the American Society of Biological Chemists, Atlantic City, 
New Jersey, April, 1959. 


Alloxan diabetes was induced in two-day-fasted rats by first 
injecting 0.25 unit of regular insulin subcutaneously, followed in 
1 hour by an injection of alloxan in 5% aqueous solution (140 
mg per kg body weight) (7). The diabetic rats were maintained 
with daily injections of protamine zinc insulin (usually 1.5 units), 

Regular testing of urines for sugar and ketone bodies and reg. 
ulation of insulin dosage minimized the occurrence of ketosis, 
cachexia, or dehydration. No insulin was given for 40 hours 
before an experiment. Diabetic rats were first used as liver 
donors 4 weeks after alloxanization, at which time their fasting 
blood sugar levels ranged from 260 to 425 mg per 100 ml. 

Perfusion Methods—The apparatus currently used in the rat 
liver perfusion experiments is diagrammed in Fig. 1. This rep- 
resents some variation from the apparatus used previously (8). 
A small water manometer is now included in the system and a 
5% CO95% oxygen mixture is used to oxygenate the blood. 
In the experiments reported here, 500 mg of glucose were added 
to the heparinized blood (2 volumes of whole blood and 1 volume 
of Ringer’s solution) which was used as the perfusate. The 
operative procedure for removal of the liver has been described 
(9). 

Preparation and Metabolism of Labeled Liver and Plasma Pro- 
teins—pu-Leucine-1-C" ( 1 we per mg) and t-leucine-U-C™ ! (16.4 
uc per mg) were chromatographically and radiochemically homo- 
geneous. The preparation of livers with C-labeled proteins 
was achieved by intraperitoneal injection of rats with approxi- 
mately 7 uc of pt-leucine-1-C' 18 hours before the surgical re- 
moval of the liver. Five minutes after the onset of the perfu- 
sion, and without interrupting the perfusion, a small lobe of liver 
was removed for analysis. The normal livers were perfused 
with 91 ml of the diluted blood whereas the volumes used for 
the diabetic livers varied from 97 to 116 ml. All perfusions 
were continued for 6 hours. 

Preparation of labeled plasma was carried out by two methods, 
The first consisted of obtaining the plasma from animals which 
had received, 24 hours previously, intraperitoneal injections of 
approximately 30 uc of pu-leucine-1-C™“. The animals were ex- 
sanguinated by heart puncture and the plasma obtained was 
dialyzed against cold 0.9% NaCl solution for 24 to 36 hours. 
In one series of perfusions, the dose of labeled plasma was 5 ml 
(0.375 ue of C™) and in another series, 7 ml (0.185 ye of C"). 
The perfusate volumes in the labeled plasma experiments were 
73 and 97 ml for the normal rat livers, whereas for the diabetic 
livers they were 71 and 82 ml. 


1 y-Leucine-U-C" refers to the uniformly or randomly labeled 
compound. 
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Fig. 1. Diagram of the apparatus used in the perfusion of the 
isolated rat liver. h, Humidifier; gm, gaseous manometer; 7p, 
pump; /f, filter; ¢, thermometer; fa, fan; get, gaseous exchange tube; 
ic, inflow cannula; wg, watch glass; oc, outflow cannula; lp, liver 
platform; br, blood reservoir; ot, overflow tube; f-sv, filter side 
view; grt, gaseous return tube; cdt, carbon dioxide trap; hc, heater 
control; ci, constant infusion. 


In the second method, approximately 240 ue of L-leucine-U-C™ 
were introduced into a normal rat liver perfusion. After 8 hours, 
the plasma was harvested and frozen till used. The plasma was 
dialyzed exhaustively against cold 0.9% NaCl solution. The 
labeled plasma used in these studies contained about 40 mg of 
protein per ml. The dose used in the perfusion experiments was 
1.5 ml containing 1.15 uc. In these experiments, virtually 100% 
of the C“ was precipitable with trichloroacetic acid. Less than 
2% of the activity was extractable with lipid solvents (chloro- 
form-methanol, 1:1 (volume per volume) at 60°). The perfu- 
sate volume for both the normal and diabetic livers varied be- 
tween 68 and 74 ml. 

Metabolism of C'*-Leucine—In the perfusion experiments in 
which the metabolism of pt-leucine-1-C™ was studied, the total 
dose used was 3.3 yc in 95 to 111 ml of perfusate. In those per- 
fusions in which t-leucine-U-C™ was used, 1.72 ue were added 
to the perfusate, which varied between 64 and 79 ml. 

Analytical M ethods—In all experiments, small aliquots of blood 
were taken from the perfusion reservoir at 0, 1, 2,4, and 6 hours 
and a zine hydroxide, protein-free filtrate prepared. Aliquots 
of these filtrates were analyzed for a-amino nitrogen (10). Du- 
plicate analyses for urea nitrogen were carried out by the 
method of Conway (11). 

At the end of the perfusion, the livers were quickly weighed 
and immediately homogenized in approximately five volumes of 
ice-cold distilled water. Protein-free filtrates were prepared and 
analyzed in the same manner as was used for blood. In addition, 
the protein content of the liver homogenate and of the plasma 
was determined by the method of Lowry et al. (12). Liver 
glycogen and cholesterol digitonide were isolated as previously 
reported (6). - 
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Plasma proteins were precipitated from 1 ml of plasma with 
10 to 12 ml of 6% trichloroacetic acid in the presence of carrier 
L-leucine and then washed three times with 6% trichloroacetic 
acid. Liver proteins were precipitated from liver homogenates 
by dilution with trichloroacetic acid to a final concentration of 
6% in the presence of appropriate carrier leucine. The pre- 
cipitated liver protein was washed four times with 6% trichloro- 
acetic acid containing leucine carrier, four times with acetone, 
and oven-dried at 60° before assay. 

All organic samples were oxidized by Van Slyke mixture (13) 
to COs, which was then assayed for radioactivity with an ioniza- 
tion chamber coupled with a vibrating reed-electrometer. Met- 
abolic C“O, was collected in 40% potassium hydroxide over 
1-hour intervals in the course of the perfusions. The CO, re- 
leased by acidification of aliquots of the 40% potassium hydrox- 
ide solution was assayed for radioactivity as noted above. 


RESULTS 


The normal livers used weighed an average of 8.9 g, the dia- 
betic livers 11.3 g. The results have been expressed per 10 g of 
liver in order to compensate for difference in liver size. This 
was probably related to greatly increased food intake of the 
insulin-controlled diabetics. Liver morphology was otherwise 
normal. There was no significant difference in the protein 
content of the normal and of the diabetic liver. Both averaged 
19.5% protein and had similar ranges (16 to 26%). 

The cumulative production of urea nitrogen in a series of three 
normal rat livers is compared with that of three diabetic rat 
livers during a 6-hour perfusion (Fig. 2). Note that after the 
first hour the endogenous urea nitrogen production is a straight 
line function. The diabetic livers produced about twice as much 
urea nitrogen per 10 g of liver as did the normal. The data were 
plotted on a per 10 g basis only for convenience; the increase is 
grossly significant whether one plots it per liver, per g of liver 
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Fic. 2. Cumulative production of urea-N in perfusion of normal 
and diabetic livers. In this and all subsequent figures, brackets 
indicate extreme values for which averages are plotted. In values 
after the first 2 to 3 hours, there is no overlap of extreme values. 
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a-Amino acid nitrogen content in normal and diabetic 
liver perfusions* 

















a-Amino acid nitrogen 
Perfusate Liver 
mg/100 ml mg/10 ¢ 
Normal (3) 
EE cA, «aE ge A a 5.1- 7.3 5.8 6.4 
EE PRR Eee 12.8- 14.2 4.7- 7.7 
Total change in mg of a-amino 
ME Coo oivag oe ce sie tae eee +4.4-+7.3f | +1.3--1.2 
Diabetic (3) 
OM RA es 5.1- 6.1 4.6- 5.4 
ee a ee bo See ee 13.0- 16.0 5.9 6.8 
} 
Total change in mg of a-amino 
5” a ella Ree iit. +5.8-+7.6f | +1.3-+1.4 





* The increase or decrease is shown by + or —, respectively, in 
the free a-amino acid nitrogen. 

t In the computation of the total change in perfusate a-amino 
nitrogen, appropriate corrections were made for the volumes of 
the perfusates and for the a-amino nitrogen removed in sampling. 


protein, per 300 g of body weight of liver donor, or per 300 cm? 
of body surface area of the liver donor. 

The increased urea nitrogen could not have come from differ- 
ences in the free a-amino nitrogen content of either the blood or 
liver. Table I reveals that the changes in the free a-amino acid 
nitrogen in the normal and diabetic liver perfusions were not 
significantly different. Furthermore, as shown by two-dimen- 
sional paper chromatograms of the free amino acids in samples 
of the perfusates at 0 time and at the end of the perfusion, the 
amino acid patterns from normal and diabetic perfusates were 
grossly similar. For these reasons, one can hardly postulate a 
significantly larger free leucine or amino acid pool as the primary 
cause for the observed enhanced urea nitrogen production in the 
diabetic livers. 

In perfusions in which C"*-labeled livers were obtained from 
rats dosed with pui-leucine-1-C™ 18 hours before, almost all of 
the incorporated C“ was in protein. Analysis of a small lobe 
of the liver taken 5 minutes after the start of perfusion indicated 
that at least 97% of the activity was precipitable with 6% tri- 
chloroacetic acid. In some experiments, the activity in the tri- 
chloroacetic acid soluble fraction was too small to be statistically 
significant. Analysis of liver samples at the end of the perfusion 
showed that there was no activity in the glycogen or in the iso- 
lated cholesterol digitonide. The radioactivities of specimens 
from a typical perfusion in which the catabolism of labeled liver 
protein to C“O, was studied are given in Table II. 

Based on the previous information, it is reasonable to relate 
the C™ activity found in the expired carbon dioxide to the total 
minimal C"-labeled protein catabolized. Fig. 3 illustrates the 
percentage of the leucine-labeled liver protein expired as C“O:. 
Protein-C™ conversion to CO; is much increased in the diabetic 
liver, and in both types of liver it is linear after the first hour. 

The results obtained from the study of the conversion of leu- 
cine-C-labeled plasma to C™“O, are presented in Fig. 4 (data 
from the catabolism of plasma protein labeled in vivo with leu- 
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cine-1-C™) and Fig. 5 (data from the catabolism of plasma pro- 
tein synthesized in vitro by the isolated perfused rat liver given 
t-leucine-U-C™). In both, the diabetic liver is seen to have an 
enhanced capacity to degrade the labeled plasma to C“O.. 
Since the conversion of leucine-labeled protein to CO, is 


TaBLeE II 
Radioactivity measurements in typical rat liver perfusion 

The C4-activity listed is the actual observed value corrected 
for background; background is 0.010 + 0.002 volts per minute; 1 
volt per minute is equivalent to 2.1 X 10‘ disintegrations per min- 
ute. 

Total liver weight, 8.8 g; liver sample at 0 time, 0.461 g homoge- 
nized to 10.3 ml; liver sample at end of perfusion, 6.18 g homoge- 
nized to 27 ml. 






























Activity in 
Total C'*-activity Volts/min | liver at 0 
time 
% 
At 0 time 
In liver (0.098 volts/min/ml) (10.3 ml) 
(8.8 g) 
Seamer nn 19.3 100 
(0.461 g) 
In liver trichloroacetic acid-soluble frac- 
tion (0.013 volts/min) (2.06 volume cor- 
i (8.8 g) 
t IE ahs eth pia oyact vedic 0.51 2. 
rection) (0.461 g) 5 6 
In perfusate 0.021 volts/min in 1.5 ml of 
IL 2. sas teta ns racaice congiets ehjoteetamiivie G4 0.79 
At the end of perfusion 
In liver (0.395 volts/min/ml) (27 ml) 
(8.8 g) 
bir, dechcibinas aathetin, oath dts 15.2 79 
(6.18 g) 
In liver trichloroacetic acid-soluble frac- 
tion (0.112 volts/min) (2.7 volume cor- 
8 g) 
rection) rer Si OO SES A ew POD, (eT 0.43 2.2 
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MEN >. Si5S5i5 55705. hd. AD os 2S RRs 2.55 
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Fic. 3. Percentage of conversion to CO: of leucine-labeled 
liver protein by the normal and diabetic perfused liver. 
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Fic. 4. Percentage of conversion to CO, of plasma protein 
labeled in vivo with leucine-1-C'* by the normal and diabetic per- 
fused liver. 









140- 

S 
+? 
© © 1204 ine rie + 
22  . 

7 

2 100) CORRECTED / 
Su FOR 7® 
BF go, !Ogm LIVER 
1 x< 
ow 
w_e 4 
2s 60 : 
ee NORMAL 
a .40- (2) 
Wo 
oO 
x“ 204 
a © 

4 

~ 10) T ' T T T 





ae HE Gn ee ee 
TIME (HOURS) 


Fic. 5. Percentage of conversion to CO: of plasma protein 
labeled in vitro with leucine-U-C™ by the normal and diabetic 
perfused liver. 


probably mediated through the free amino acid state, it appeared 
desirable to study the metabolism of this amino acid in diabetic 
and normal livers. Fig. 6 shows that the conversion of pL-leu- 
cine-1-C“ to CO. proceeds to the same extent in both. The 
percentage of the dose of pt-leucine-1-C™ incorporated into 
plasma protein is higher in the normal liver than in the diabetic 
liver (Fig. 7). There is no significant difference in the incorpora- 
tion of pL-leucine-1-C™ into the proteins of the normal and dia- 
betic livers (Fig. 8). 

Because studies with labeled p1i-leucine-1-C™ are not exactly 
comparable to those in which labeled proteins (containing only 
L-leucine) were studied, these experiments were repeated with 
L-leucine-U-C“%. A study was made of the extent of conversion 
of t-leucine-U-C™ to CO, in both normal and diabetic livers 
(lower curve, Fig. 6). Here the absolute magnitude of the extent 
of oxidation of free t-leucine-U-C™ to CO, is the same for both 
normal and diabetic livers; however, it is only one-third as large 
as the percentage of the dose of piL-leucine-1-C converted to 
CO, by both diabetic and normal livers (upper curve, Fig. 6). 
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Fig. 6. Percentage of conversion to C“O2 of pu-leucine-1-C™ 
and L-leucine-U-C'* by the normal and diabetic perfused liver. 
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normal rats revealed no significant differences at any time. 


Fig. 7. Percentage of dose of pt-leucine-1-C™ incorporated into 














TIME (HOURS) 


z 
4 
Ww... 16 
=o” CORRECTED NORMAL 
& = |44 FOR (3) 
me 124 !Ogm. LIVER 
ao 
4 « 10- 
a 
«a 8 
Ww 
n= 6- anit aooo2eere] 
8< 4 
orig 7 DIABETIC 
2+ 4 
© pie pene ack er abe 
WwW 
a 


plasma proteins by the normal and diabetic perfused liver. 
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U-C" incorporated into liver proteins by the normal and diabetic 
perfused liver. 
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Fic. 9. Percentage of dose of t-leucine-U-C" incorporated into 
plasma proteins by the normal and diabetic perfused liver. 


Furthermore, these experiments demonstrate the decreased abil- 
ity of the diabetic livers to incorporate L-leucine-U-C™ into 
plasma and liver proteins (Figs. 9 and 8, respectively). 


DISCUSSION 


The over-all conversion of free labeled leucine to C“Oz is similar 
in the normal and the diabetic livers, although quantitatively 
the extent of the conversion in each type of liver is three times 
as large for pt-leucine-1-C" as for L-leucine-U-C“. The quanti- 
tative similarity of the amino acid pools and of the percentage 
of dose of a given species of labeled leucine converted to C“O, 
in the normal and diabetic supports the view that the extent of 
breakdown of leucine to isovaleric acid is identical in the normal 
and diabetic livers. If a disproportionate quantity of the leu- 
cine were converted to acetoacetate in the diabetic by a reaction 
such as 3 leucine — 6 CO. + 3 acetoacetate, then we should 
anticipate a much larger conversion of leucine-1-C™“ to CO, in 
the diabetic than was actually observed. In fact, the C“ data 
indicate that the catabolism of leucine-1-C™ to CO, in the dia- 
betic and normal livers was quantitatively identical. 

That 35% of the pt-leucine-1-C™ was catabolized to C“O. 
whereas only 10% of the t-leucine-U-C™ was catabolized to C“O, 
indicates that the p-isomer may be catabolized more extensively 
than is the L-isomer. This is compatible with the known in- 
ability of p-leucine to serve as an L-leucine substitute for protein 
synthesis in growing rats (14)?._ Thus, the a-ketoisocaproic acid- 
1-C™ from p-leucine-1-C“ would not be significantly reaminated 
to form L-leucine-1-C™, but would first be decarboxylated before 
the remainder of the carbon chain is catabolized. To evaluate 
the possibility that the greater conversion of pL-leucine-1-C™ 
(as contrasted with L-leucine-C™) to C“O, may in part be refer- 
able to the difference in molecular distribution of C“, data on the 
oxidation of t-leucine-1-C" will have to be obtained. Regardless 
of the intrinsic value of such data, their present lack in no way 


? The literature reveals that the carbon chain of a dietary sup- 
plement of deuterium-labeled p-leucine is converted to a signifi- 
cant extent to t-leucine in the adult rat (15). Furthermore, a 
dietary supplement of a-ketoisocaproic acid has been found to 
support limited growth of young rats for periods of time up to 8 
days (16). In neither case has the possible role of intestinal bac- 
teria been absolutely excluded nor are nitrogen balance data avail- 
able to quantitatively document the comparative nutritional 
value of p-leucine, or a-ketoisocaproic acid as substitutes for 
L-leucine. 
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detracts from the major conclusions concerning the comparative 
extent of oxidation of either proteins labeled with t-leucine-U-C™ 
or proteins labeled with t-leucine-1-C™ in experiments in which 
the same preparation of labeled protein is studied in normal and 
diabetic livers. 

In the studies involving the catabolism of labeled liver pro- 
teins to C“O2, one would anticipate that the incorporation of 
radioisotope into leucine derivatives other than proteins would 
probably be restricted to minimal amounts of CO: fixation prod- 
ucts since the liver protein was labeled with leucine-1-C™ (17), 
This view is supported by the fact that, in our experiments, no 
significant activity could be found in either glycogen or the 
cholesterol digitonide. 

A possible source of error in these experiments with labeled 
livers was the fact that the total radioactivity in the liver was not 
determined until 5 minutes after the start of the perfusion. This 
time was allowed in order to wash out the labeled plasma of the 
liver. This “washed out’? plasma activity amounted to ap- 
proximately 6% of the total C™ found in the liver itself. Fur- 
thermore, at least 70% of this ‘‘washed out” activity was in the 
form of proteins (precipitable with 6% trichloroacetic acid) and, 
therefore, the anticipated contribution of this protein fraction 
to C“O, would be small. Even if all of the nonprotein activity 
“washed out” of the liver in the first 5 minutes were unchanged 
pL-leucine-1-C™, the amount of CO, it could contribute, in the 
most extreme case, could not be more than 15% of the total 
CO, expired. 

It is interesting to note that the curves illustrating CO: pro- 
duction from labeled livers parallel the curves describing the 
cumulative urea nitrogen production. If one assumes that the 
same percentage of the liver protein nitrogen is converted to 
urea nitrogen as protein carbon goes to COs, then one can 
estimate the catabolic contribution of liver proteins to endog- 
enously formed urea. For example, in a typical experiment in 
the course of 6 hours, 6.2% of the initial total liver protein 
C"-activity was expired as C“O.. The total liver protein nitro- 
gen present amounted to 330 mg as measured by the Lowry 
procedure (12). Thus, the amount of protein nitrogen catabo- 
lized calculated to correspond to protein carbon catabolized 
equals (0.062) (330) or 20.5 mg. The observed net production 
of urea nitrogen during the same 6-hour period was measured 
and found equal to 34.2mg. Therefore, of the total urea nitrogen 
produced, the estimated percentage referable to liver protein 
catabolism equals (20.5) /(34.2) x 100 = 60%. On this basis, 
in both normal and diabetic livers the contribution of the liver 
proteins to endogenously formed urea is the same fraction of the 
total. The average value for the normal liver is 65% (range 47 
to 80) and for the diabetic, the average value is 58% (range 58 
to 67). The fact that about two-thirds of the endogenously 
formed urea nitrogen may be derived from the liver protein is 
consistent with previously published calculations (8). The above 
estimates of the contribution of protein nitrogen to urea nitrogen 
are minimal to the extent that a small percentage of the C“; 
produced may not be “expired” but rather be incorporated into 
urea or other derivatives. 

In studies in which plasma labeled with leucine-U-C™ was 
utilized, the data may be complicated by the fact that the C“: 
may arise to a different extent from each of the carbon atoms of 
the labeled leucine. Normal and diabetic livers may conceivably 
utilize each of these carbon atoms differently. However, it 
should be emphasized that the results with plasma labeled with 
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Jeucine-1-C“ which should not be complicated by such con- 
siderations, are qualitatively similar to those obtained with plasma 
labeled with leucine-U-C". 

Calculations may be made to approximate the breakdown rate 
of plasma proteins by normal and diabetic livers. In a typical 
experiment, 0.35% of the initial total plasma protein-C™ activity 
was expired as C“O.. The total plasma protein present in the 
perfusing blood amounted to 2700 mg. Thus, the amount of 
plasma protein catabolized equals (2700) (0.0035) or 9.45 mg. 
Since the liver perfused weighed 9.7 g, and the duration of the 
perfusion was 5 hours, the mg of protein catabolized equals 

(9.45) a 
07) ©) (5) For the C'*-labeled 
plasma proteins prepared in vivo (i.e. leucine-1-C'-labeled 
plasma), the estimated minimal catabolic rate is 0.19 mg of pro- 
tein per g of liver per hour for the normal liver, and 0.28 mg of 
protein per g of liver per hour for the diabetic. The correspond- 
ing estimates for the C'-labeled plasma in vitro (i.e. plasma 
labeled with leucine-U-C) are 0.27 and 0.43 mg of protein per g 
of liver per hour for the normal and diabetic livers, respectively. 
In the latter group of experiments, the plasma proteins used were 
obtained from an 8-hour liver perfusion and had a higher appar- 
ent catabolic rate than that observed in the group in which the 
plasma in vivo, harvested after 18 to 24 hours, was used. This 
is probably related to the fact that a greater percentage of the 
total label in the former is in the a-globulin fraction which 
probably has the highest catabolic rate. Plasma labeled in vitro 
by a perfused liver has a higher percentage of its total activity 
in the a-globulin fraction because the perfused liver incorporates 
almost none of the activity into the y-globulin fraction (18). It 
is presumed that the a-globulins have the highest catabolic rate 
since they have the highest synthetic rate in both perfusion and 
intact animal studies. The possibility that the increased catabo- 
lic rate of the plasma protein labeled with leucine-U-C" in vitro 
is related to the uniform labeling of the leucine-U-C™ (as com- 
pared with leucine-1-C™) cannot be absolutely excluded. 
Against this view, however, is the fact that carbons other than 
the carboxyl carbon may enter metabolic paths not leading as 
extensively or directly to COs. 

In the previous paragraph it is noted that, based on CO. 
production, the catabolic rate for plasma proteins labeled with 
leucine-U-C™ produced in vitro averaged 0.27 mg per g of liver 
per hour. This approximate figure is the minimal catabolic rate 
since it accounts only for amino acid released by protein catabo- 
lism which is oxidized to C“O2. One may also assume that the 
released ut-leucine-U-C™ is mixed with the plasma amino acid 
pool, and (based on the perfusion experiments with t-leucine- 
C™) that approximately 10% of this amino acid is oxidized to 
C“O.. Therefore, the estimated protein catabolized is equal to 
(0.27) (10) = 2.7 mg of protein per g of liver per hour. If 
analogous assumptions are allowable for the plasma labeled with 
leucine-1-C™ produced in vivo the estimated protein catabolized 
would be equal to 1.9 mg per g of liver per hour. 

Similar calculations can be made from previously published 
data (19) obtained with plasma protein labeled with lysine pro- 
duced in vivo. In this study 1.5% of the initial C'*-plasma pro- 
tein activity was expired as C40, in 9 hours. The total plasma 
protein present amounted to 4000 mg and the liver weighed 
approximately 10 g. Thus, the milligrams of protein catabolized 
(0.015) (4000) 

(10) @) = 0.67. Other 


or 0.20 mg per g of liver per hour. 


per gram of liver per hour equal 
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liver perfusion experiments (8) have demonstrated that approxi- 
mately one-third of the endogenous t-lysine-C™ is catabolized to 
CO... Therefore, the total protein catabolic rate for plasma 
protein labeled with C'*-lysine is (0.67) (3) = 2 mg of protein per 
g of liver per hour. This compares very well with the figure 
found with leucine-labeled plasma protein. 

Further calculations with the lysine-C™ data indicate that the 
total plasma protein catabolized in 1 day by a 10 g liver is (2.0) 
(10) (24) = 480 mg. (The same calculations made with data 
from experiments with plasma labeled with leucine-1-C™ 
produced in vivo, viz. (1.9) (10) (24) = 456 mg, give essentially 
the same result as was obtained above with data from lysine-6- 
C-labeled plasma.) It may be estimated that the average rat 
weighing 300 g has an approximate total plasma protein content 
of 1350 mg. On this basis, the turnover time or the time neces- 


sary for the complete renewal of the plasma protein is — or 


480 
2.8 days. Since turnover time is related to the biological half- 


life by the expression ¢, = 1.44 &, the half-life of plasma proteins 
is approximately 2 days. In other words, in 2 days, the rat 
liver alone is able to catabolize 50% of the plasma proteins pres- 
ent in the intact animal. This is in good agreement with 
published estimates of the biological half-life of labeled plasma 
proteins (20, 21). 

Although we know of no evidence to support this view, the 
possibility cannot be excluded that the observed differences in 
the catabolism of labeled protein to CO, in the normal and 
diabetic livers are due to differences in the metabolism of a single 
or a few highly labeled proteins. It should be emphasized that 
as far as the labeled plasma experiments are concerned, the same 
preparation of labeled plasma was used in the perfusions of both 
normal and diabetic rat livers. 

In normal rat liver perfusions, approximately 25% of an added 
dose of t-leucine-C™ is incorporated into plasma proteins. The 
perfusion technique is a simple and efficient method of preparing 
C-labeled plasma proteins with the notable exception of the 
y-globulins (18). 

The data obtained from perfusions with leucine-C" reflect the 
decreased ability of the diabetic liver to incorporate this amino 
acid into plasma proteins. It should be noted that if the numeri- 
cal values of the data expressed as the percentage of dose of pL- 
leucine-1-C™ are multiplied by 2 because of the known inability 
of p-leucine to serve as a substitute for L-leucine in protein syn- 
thesis, the quantitative level of incorporation into plasma pro- 
teins of leucine-1-C" and leucine-U-C" are virtually identical, al- 
though the magnitude of incorporation into the plasma proteins 
by the diabetic liver is only about one-half that of the normal 
liver. A qualitatively similar decrease in incorporation of 
L-leucine-U-C" into liver proteins by the diabetic liver was noted, 
although the quantitative difference is not as striking as that 
noted for the plasma proteins. However, the incorporation of 
activity from pt-leucine-1-C™ into the proteins of normal and 
diabetic liver was not found to be measurably different. The 
data do not suggest a clear explanation of this latter inconsist- 
ency. One may conjecture that p-leucine may interfere with 
incorporation of L-leucine into normal liver proteins to a greater 
extent than it does with incorporation of t-leucine into diabetic 
liver proteins. 

The decreased incorporation of labeled leucine into proteins by 
the diabetic liver may be related to the fact that the diabetic 
liver has a reduced amount of energy available for protein syn- 
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thesis. In this regard, Sacks has shown that there is a 30% de- 
crease in the total amount of high energy phosphate (ATP plus 
ADP) in the alloxan-diabetic liver (22). The decreased incor- 
poration may also be related to the insulin concentration since a 
recent report has shown an increase in the amino acid-incor- 
porating system of rat liver when the rats were ‘“‘predosed” with 
insulin (23). 
SUMMARY 

The capacity of the isolated perfused rat liver to catabolize 
liver and plasma proteins and to utilize C'-leucine has been 
studied in normal and alloxan-diabetic rats. The normal and 
the diabetic liver catabolize added leucine-C“ to CO, to the 
same extent, although 35% of added pt-leucine-1-C" is oxidized 
to C“Oz, and only 10% of uniformly labeled t-leucine-C™ is oxi- 
dized to C“O.. The total incorporation of uniformly labeled 
t-leucine-C™ into liver and plasma proteins by the diabetic liver 
was approximately 50% of that noted for the normal liver. Fur- 
thermore, the diabetic liver catabolized both labeled liver and 
plasma proteins to CO, at approximately twice the normal rate. 
This increased protein catabolic rate probably accounts in large 
measure for the observed increased urea production in the 
diabetic. 

These results are compatible with the view that the diabetic 
liver has a major disturbance in both synthesis and catabolism of 
proteins. 
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Incorporation of Amino Acids into Ribonucleic Acid 
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Previous papers in this series have dealt with the role of ac- 
tivating enzymes (1) and transfer ribonucleic acid (2) in amino 
acid incorporation into ribonucleic acid. The formulation of 
this reaction as shown below has been the result of studies by a 
number of workers (3). 


Amino acid + ATP + RNA= (1) 
amino acyl-RNA + AMP + PP; 


Indirect evidence suggesting reversal of Reaction 1 has been 
reported (4-6). Direct evidence of reversibility, starting with 
isolated amino acyl-RNA, and indicating the high energy nature 
of the amino acyl-RNA linkage has appeared (7). Detailed 
studies of the reverse reaction which have resulted in the de- 
termination of the equilibrium constant for Reaction 1 are pre- 
sented here. 


EXPERIMENTAL PROCEDURE 


The various nucleotides and other compounds used have been 
previously described (1, 2). Uniformly labeled L-leucine-C™ 
and t-threonine-C“ were obtained from Nuclear-Chicago, Inc. 
Liquefied phenol was purchased from Mallinckrodt Chemical 
Works. PP; was prepared as previously described (1). 

The enzyme preparations used have been previously described 
(1). Fraction AS-1 contained purified threonine-activating 
enzyme and some tyrosine-activating enzyme. Fraction AS-2 
contained leucine-activating enzyme and other activating en- 
zymes. 

Amino Acyl-RNA Preparation—C"-labeled amino acyl-RNA 
was prepared by a modification of the method of Hoagland et al. 
(5). Approximately 40 ml of pH 5 enzyme (1); 400 umoles of 
dipotassium ATP, adjusted to pH 7.5 with potassium hydroxide; 
400 umoles of magnesium chloride; 4000 uwmoles of Tris chloride 
buffer, pH 7.5; 1.0 umole of a C-L-amino acid; and water to 
make a final volume of 80 ml were incubated at 37° for 20 min- 
utes. 

The reaction mixture was then chilled in an ice bath and ad- 
justed to pH 5.15 with N acetic acid. All subsequent operations 
were performed at 4° unless otherwise noted. The precipitate 
was collected by centrifugation and resuspended by homogeniza- 
tion in 15 ml of 0.1 m Tris buffer, pH 7.5. To the cloudy solution, 
M potassium phosphate buffer, pH 6.5, was added to a final 
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supported in part by research grants from the National Science 
Foundation (No. G-6460) and from the American Heart Associa- 
tion. j 


concentration of 0.02 m. One volume of liquefied phenol was 
added and the mixture shaken mechanically for 1 hour in the cold. 
The emulsion was centrifuged at 10,000 x g for 10 minutes 
and the aqueous layer removed. The phenol layer was shaken 
briefly with an equal volume of water, the emulsion centrifuged, 
and the aqueous layer combined with the previous one. To the 
combined aqueous layers potassium acetate to a concentration of 
2% was added. The solution was adjusted to pH 5.5 and 2 
volumes of ethanol were added. After standing for 1 to 2 hours 
at 2-4°, the precipitate was collected by centrifugation, dis- 
solved in 5 ml of 0.02 m sodium acetate buffer, pH 5.5, and 
dialyzed for 18 hours against 4 liters of the same buffer. 

Assay Procedures—The assay measures the cleavage of amino 
acyl-RNA, as previously reported (7). The reaction mixture 
contained approximately 250 ug of C'-threonyl-RNA; 25 yg of 
enzyme fraction AS-1; 0.2 umole of AMP; 0.2 umole of sodium 
PP;; 10 umoles of magnesium chloride; 100 umoles of Tris buffer, 
pH 7.0; 10 wmoles of GSH; and water to make a final volume of 
1.0 ml. The mixture was incubated for 15 minutes at 37° unless 
otherwise noted. It was then placed in an ice bath and 0.75 
mg of casein, followed by 0.3 ml of 2 m perchloric acid were added. 
The suspension was left in the cold for 30 minutes and stirred 
occasionally. The precipitate was collected by centrifugation 
and then transferred quantitatively to copper planchets with 
small portions of 0.3 N ammonium hydroxide. The planchets 
contained disks of Whatman No. 1 filter paper glued to the plan- 
chets with Tygon plastic. The samples were dried under a 
heat lamp and counted in a Nuclear flow counter with Micromil 
window. To determine the radioactivity in the original C- 
amino acyl-RNA, samples were precipitated from the incubation 
mixture at zero time and plated in the same way. The amount 
of amino acyl-RNA cleaved is the difference between the original 
and final amount of amino acyl-RNA. The specific activity of 
C'-threonyl-RNA was 0.98 mumole per mg (2200 c.p.m. per mg) 
and that of C'-leucyl-RNA was 2.14 mumoles per mg (4800 
¢.p.m. per mg) when prepared as described using C*-amino acid 
with a specific activity of 7 ue per umole (2.25 10° ¢.p.m. per 
pmole). 

To study the reversal of Reaction 1 by measurement of ATP 
formation, the reaction mixture was the same, except that PP; 
was used instead of the usual nonradioactive PP;. After incu- 
bation for 10 minutes at 37°, the tubes were placed in an ice bath, 
3 ml of 0.75 m_ perchloric acid and 10 wmoles of ATP were added. 
The mixture was allowed to stand in the cold for 20 minutes, the 
precipitate was removed by centrifugation and washed with 1 
ml of water. The supernatant and wash were combined and 
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the radioactivity in ATP was determined by a modification of 
the method of Tsuboi and Price (8). Norit A, 50 mg, was added 
to the supernatants, and the mixture was allowed to stand in 
the cold for 20 minutes with intermittent stirring. The Norit 
was collected by centrifugation, washed with 10 ml of 0.01 m 
EDTA,}! then twice with 10 ml of water. The adsorbed ATP 
was then eluted from the charcoal by washing three times with 
1 ml of a mixture of equal volumes of 95% ethanol and m am- 
monium hydroxide. For each wash the charcoal was stirred 
with the eluting mixture for 10 minutes at 50°. The pooled 
eluates were concentrated to a convenient volume and counted 
as described above. Recovery of ATP by this method, based on 
optical density, was 76 to 78%. Although C™-threonyl-RNA 
was a constituent of the reaction mixture,? control experiments 
showed that radioactivity from this source was removed by this 
washing procedure. 


RESULTS 


Cleavage Requirements—The requirements for threonyl-RNA 
cleavage (Fig. 1) were those expected for reversal of Reaction 1. 
Little or no cleavage was observed in the absence of AMP, en- 
zyme, or magnesium chloride. AMP could not be replaced by 
CMP or UMP at the same level, although with GMP a small 
amount of cleavage was observed. Cleavage of threonyl-RNA 
in the absence of added PP; was usually 20 to 30% of the com- 
plete system. This was probably due to endogenous PP; (2), 
because when inorganic pyrophosphatase* was added to the 
reaction mixture at a concentration of 5 wg per ml, in the absence 
of added PP; this cleavage was abolished. With the complete 
system, containing excess enzyme, 85 to 95% of the threonyl- 
RNA was cleaved in 10 minutes. It is probable that the failure 
to achieve complete cleavage of threonyl-RNA was due to partial 
inactivation of the substrate during the preparation of amino 
acyl-RNA. For example, after standing in 0.45 m perchloric 
acid at 4° for 12 hours, less than 50% of threonyl-RNA was 
cleaved in the standard assay. Threonyl-RNA cleavage was 
inhibited 80% by 5 xX 10-* m p-chloromercuribenzoate. A 
similar inhibition of threonyl-RNA formation was found (2). 

The cleavage of amino acyl-RNA showed enzyme specificity, 
since fraction AS-1 which contains threonine-activating enzyme, 
cleaved threonyl-RNA, but not leucyl-RNA (Table I). Leucyl- 
RNA was cleaved by fraction AS-2 which contains leucine-acti- 
vating enzyme. Optimal conditions for cleavage of C'*-leucyl- 
RNA have not been studied in detail. 

pH Optimum—The rate of threonyl-RNA cleavage was highest 
at about pH 7.5 (Fig. 2), as was the case for the forward reaction 
(2). However, nonenzymatic breakdown of threonyl-RNA in- 
creased greatly between pH 7.0 and 7.5, so the former pH was 
chosen for the standard assay. No correction was considered 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 

2? C'4-Threonyl-RNA was used in these experiments, instead of 
unlabeled threonyl-RNA, in order to have an exact comparison 
between amino acyl-RNA cleavage (in the control experiment) 
and ATP formation. An exact measure of the threonyl-RNA 
added was also provided in this way. 

3 Crystalline yeast pyrophosphatase, kindly donated by Dr. 
M. Kunitz, Rockefeller Institute for Medical Research. 

4 The reaction mixtures, minus C'-threonyl-RNA and enzyme, 
were adjusted to the desired pH at room temperature. The other 
constituents were then added and then incubated. After incu- 
bation, no change in pH was found. 
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Fic. 1. Time course of C'*-threonyl-RNA cleavage. Standard 
assay conditions were used with 300 yg of C'*-threonyl-RNA 
containing 590c.p.m. (xX) Complete system, Curve 1; (A) minus 
PP;, Curve 2; (@) minus AMP or minus magnesium chloride, 
Curve 3; (O) minus enzyme, Curve 4. 


TaBLe I 
Specificity of activating enzymes for amino acyl-RNA cleavage* 





Amino acyl-RNA compound Enzyme fraction | Amount cleaved 





7 
0 


AS-1 88.8 


pS 0 ee ee 
BIPIRIEM, 5. «a. 0.aloeipinsesiee prea AS-1 7.0 
ee ee ee AS-2 65.8 











*Standard assay conditions were used with 300 ug of C- 
threonyl-RNA (660 c.p.m.) and 150 yg of C'*4-leucyl-RNA (640 
c.p.m.). Approximately 25 wg of enzyme fraction AS-1, or 600 
ug of enzyme fraction AS-2 were used. 
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Fic. 2. Effect of pH on C"*-threonyl-RNA cleavage. Standard 
assay conditions were used, except that the incubation time was 
shortened to 5 minutes in order to measure the rate of the reaction. 


necessary for the small amount of nonenzymatic breakdown 
which occurred under these conditions. 

Formation of ATP—Another criterion of the reversal of Re- 
action 1 is the formation of ATP as a result of cleavage of amino 
acyl-RNA. Previously, this was shown using C!4-AMP incor- 
poration as an index of ATP formation (7). However, no stoichi- 
ometry between cleavage and ATP formation could be demon- 
strated, although no ATP was formed in the absence of amino 
acyl-RNA cleavage. When PP;* incorporation into ATP was 


5 The excess incorporation of C*-AMP into ATP in these earlier 
studies may be related to the presence of adenylate kinase (un- 
published studies) in the enzyme fraction used. 
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TaBLeE II 
Threonyl-RNA cleavage and ATP formation* 











Reaction mixture ATP formed pe penne 4 
eer ae east iia a eae 0.88 0.75 
Minus threonyl-RNA plus threonine 
ei WORN 5.5 os ax cnenieenicsstcueed 0 
Minus magnesium chloride............ 0.01 0 
Minue BOGE . . <5... onc ee cantik oes 0.10 0.10 
Minus OnS¥Me. .6 oi6 66S 56 oe ck saa 0 0.09 











* Assay conditions are described in the text. In these experi- 
ments, 800 ug of C'4-threonyl-RNA were used in each tube. The 
PP;** added when ATP formation was studied had a specific 
activity of 1200 c.p.m. per mymole. 


used as the index of ATP formation (Table II), ATP formation 
was dependent on the cleavage of threonyl-RNA. In addition, 
reasonable agreement was obtained between the amount of ATP 
formed and the C-threonyl-RNA cleaved. No PP; was in- 
corporated into ATP in the absence of amino acyl-RNA, although 
threonine and RNA were present. It should be emphasized 
that ATP was not added to the incubation mixture, and, there- 
fore, exchange reactions, such as the PP; exchange into ATP 
which is used as a measure of activating enzyme, did not take 
place. The PP;* incorporation into ATP in these studies repre- 
sents net formation of ATP. 

Equilibrium Constant—In order to study the equilibrium con- 
stant as defined in Equation 2, 


(threonyl-RNA) (AMP) (PP) 


K = (RNA) (ATP) (Cthreonine) 





(2) 


large amounts of AMP, PP;, ATP and C"-threonine were present 
in each experiment. It was assumed that the initial and final 
concentrations of these reactants were not significantly different, 
since their concentrations were at least 1000 times that of the 
C“-threonyl-RNA or RNA. 

In each experiment, equilibrium data were obtained for both 
the forward and reverse reaction. In studying the forward 
reaction, the amount of RNA added was based on the standard 
assay of this RNA for maximal C-threonyl-RNA formation. 
The amount of C™-threonyl-RNA formed at equilibrium was 
determined directly.6 The amount of RNA at equilibrium was 
considered to be the difference between these values. In study- 
ing the reverse reaction, the C-threonyl-RNA added and the 
amount remaining at equilibrium were determined directly. The 
amount of RNA at equilibrium was again the difference between 
these values. 

The amount of threonyl-RNA formed in the forward reaction, 
or the amount of threonyl-RNA cleaved in the reverse reaction, 
varied over a wide range depending on the concentration of the 
other reactants (Table III). It can be seen that with the same 
concentrations of reactants, the final amount of threonyl-RNA 
was similar, whether the reaction was started with RNA or C'*- 
threonyl-RNA (forward or reverse reaction). 

These results and others done in the same way have been used 
to calculate the equilibrium constant according to Equation 2 


° The washing procedure used in the equilibrium studies was 
that described for amino acyl-RNA formation (1) in order to re- 
move free C14-threonine. 


J. Leahy, E. Glassman, and R. S. Schweet 


TaB.e III 


Effect of concentration of reactants on threonyl-RNA 
formation and cleavage* 











Reactants Final C'-threonyl-RNA 
With Ci . 
’ : With RNA 
AMP PP; C'-threonine ATP Re ly initially 
moles X 107 | moles X 107 | moles X 107 | moles X 107 c.p.m. c.p.m. 
0 0 0.5 100 990 898t 
1 1 0.5 10 620 575 
2 2 0.5 10 341 280 
4 4 0.5 10 92 84 
2 2 1.0 20 648 595 




















* Approximately 600 ug of pH 5 RNA, or a similar amount of 
C-threonyl-RNA, was used in each experiment with 50 yg of 
Fraction AS-1 and the indicated amounts of the other reactants. 

+ Crystalline inorganic pyrophosphatase was added to ensure 
completion of the formation of C™-threonyl-RNA. 





























TaBLe IV 
Values for equilibrium constant for threonyl-RNA formation* 
Reactants Equilibrium constant 
thre- ith - i 
wee | om | Suter | ane [Maa] MENA 
moles X 107| moles X 107 |moles XK 107 e 
1 1 0.5 10 | 0.332 0.398, 0.354 
2 2 0.5 10 | 0.366, 0.419 | 0.358, 0.371 
4 4 0.5 10 | 0.325 0.330 
2 2 1.0 20 | 0.378 0.398 
* Conditions were the same as those of Table III. The values 


were calculated as described in the text. 
experiment. 


Each value is a single 


(Table IV). The values obtained ranged from 0.419 to 0.33 and 
averaged 0.37. The agreement in the values obtained over 
the wide range of reactant concentrations used provides good 
support for the general validity of these values. However, it is 
not possible to estimate the accuracy of the average value, con- 
sidering the minute amounts of RNA and threonyl-RNA in- 
volved in the reaction. Also, the purity of the enzyme prepara- 
tion is not known. 


DISCUSSION 


The demonstration that the cleavage of threonyl-RNA in these 
experiments represented reversal of incorporation (see Reaction 
1) was essential for the determination of the equilibrium con- 
stant. Thus, cleavage required the specific nucleotide expected 
(AMP), PP, and magnesium chloride. In addition, the reaction 
was inhibited by levels of p-chloromercuribenzoate which inhib- 
ited the formation of threonyl-RNA. Finally, stoichiometry was 
observed between threonyl-RNA cleavage and ATP formation. 
No evidence was found, even with cruder enzyme fractions, for 
an enzymatic, hydrolytic cleavage of threonyl-RNA. 

The requirement for a specific activating enzyme to cleave 
specific amino acyl-RNA may be contrasted with the behavior of 
AMP-amino acid compounds. Little enzyme specificity was 
found for the cleavage of these compounds. For example, tryp- 
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tophan-activating enzyme catalyzed the cleavage of a variety of 
amino acyl adenylates (9), as did the purified methionine-acti- 
vating enzyme (10). The enzyme specificity shown here for the 
cleavage of amino acyl-RNA compounds supports the formula- 
tion of these compounds as free intermediates in protein synthe- 
sis (3, 11), in contrast to amino acyl adenylates which remain 
enzyme bound (3). 

The determination of an equilibrium constant for threonyl- 
RNA formation is the first detailed report for amino acyl-RNA 
compounds. The value of 0.37 which was found at 37° and pH 
7.0 will probably be refined as the enzyme preparations and 
other reactants are improved. The demonstration that cleav- 
age of threonyl-RNA was due to reversal of Reaction 1 and the 
agreement in the values of the equilibrium constant determined 
under various conditions provide evidence for the validity of this 
value. Brief mention has also been made of an equilibrium con- 
stant of 0.32 at pH 7.0 and 30° for valyl-RNA formation (12). 
This value is close to that reported here and suggests that the 
equilibrium values for the enzymatic reactions which form other 
amino acyl-RNA compounds may be similar. The high chemi- 
cal reactivity of amino acyl-RNA compounds has been reported 
by Zachau et al. (13), and these authors indicated that this link- 
age represented a new type of “high energy” bond. The value 
for the equilibrium constant reported here demonstrates that 
only a small, free energy change is involved in the formation of 
threonyl-RNA from ATP, threonine, and RNA. 


SUMMARY 


The cleavage of isolated C'*-threonyl-ribonucleic acid was cata- 
lyzed by threonine-activating enzyme. Studies of the require- 
ments for cleavage indicated that this reaction was the reversal 


Amino Acid Incorporation. 








III Vol. 235, No. 11 





of threonyl-ribonucleic acid formation. Adenosine triphosphate 
was formed in stoichiometric amounts as a result of cleavage of 
threonyl-ribonucleic acid. An approximate equilibrium con- 
stant determined at pH 7.0 and 37° for the enzymatic reaction 
which formed and cleaved threonyl-RNA was 0.37, indicating 
the “high energy” nature of this linkage. 


Acknowledgments—We wish to thank Mrs. Agnes Gara for 
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Since the original demonstrations by du Vigneaud et al. (1—4) 
that the methyl group of labeled methionine can be transferred 
intact to choline, considerable evidence has accumulated sug- 
gesting that this is not the only source of choline methyl groups. 
It was shown unequivocally that choline methyl groups can be 
synthesized de novo in germ-free rats receiving a diet devoid of 
methyl donors (5). In addition formaldehyde-C“ (6-8), for- 
mate-C™ (6, 7, 9, 10), methanol-C™ (7, 10), acetone-C" (11), the 
methyl group of methyl-stearate-C (7), the formyl group of 
formy]-phenylalanine-C" (7), the 8 carbon of L-serine-C™ (8, 10, 
12), and the a-carbon of glycine-C™ (10) can all be converted 
to the methyl group of choline in the intact rat. Furthermore, 
Nye (13) has demonstrated that formate-C™ is a more active 
precursor of methylethanolamine in a choline requiring mutant 
of Neurospora than is methionine-C“Hs, and evidence has been 
presented suggesting that in rats fed folic acid deficient diets, 
the synthesis of two of the methyl groups of choline is decreased 
(14, 15). These findings have led Stekol (16) to postulate that 
one-carbon fragments serve as a direct precursor of the methyl 
groups of dimethylethanolamine and that only the third methyl 
group is transferred intact from methionine to complete the syn- 
thesis of choline. 

On the other hand, in rats fed methionine-CD; for long pe- 
riods, as much as 88.6% of the choline methyl groups arose 
from methionine (2), and recently Bremer and Greenberg (17) 
have demonstrated that the methyl group of methionine-C“H; 
can be transferred to methylethanolamine, dimethylethanola- 
mine, and choline in the intact rat. Because of this disparity 
of results, we have examined in rat liver slices and in the intact 
rat liver the circumstances under which formate-C and form- 
aldehyde-C™ can serve as precursors of the methyl group of 
choline. The present report strongly supports the thesis that 
in rat liver all the methyl groups of choline are derived from 
methionine and that one-carbon fragments are incorporated into 
the methyl group of methionine before choline methyl group 
synthesis occurs. 


EXPERIMENTAL 


Studies in Vitro—Male rats of the Sprague-Dawley strain, 
weighing 80 to 120 g, were allowed free access to Purina labora- 


* A preliminary report on this work has appeared in Federation 
Proc., 19, 234 (1960). 

+ Present address, Department of Internal Medicine, University 
of Texas Southwestern Medical School, Dallas, Texas. 
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tory chow. The rats were decapitated, and their livers were 
quickly excised and placed in ice-cold bicarbonate Krebs-Ringer 
buffer, pH 7.4. Slices, approximately 0.5 mm thick, were pre- 
pared by hand; 500-mg portions of slices were placed in 50-ml 
Erlenmeyer flasks. Each flask contained 2 ml of bicarbonate 
Krebs-Ringer buffer, pH 7.4, and various additions to make a 
final volume of 2.7 ml. The flasks were gassed with 95% O. 
and 5% COs:, stoppered, and incubated at 37.5° with shaking 
for 3 hours. At the end of the incubation period the reaction 
was stopped by immersing the flasks in boiling water for 5 min- 
utes. The contents were then transferred with washing to 
large centrifuge tubes and were homogenized by grinding with 
a motor driven pestle. 

Studies in Vivo—Male, Sprague-Dawley rats, weighing 40 to 
80 g, were anesthetized with ether. They were then given, by 
injection into the portal vein, either 5 umoles of methionine- 
CH; containing 2.6 x 10° c.p.m. or 8 wmoles of formate-C™ 
containing 7.6 x 10° ¢.p.m. In some experiments 50 mg of 
methionine in 2 ml of 0.9% sodium chloride solution were in- 
jected intraperitoneally 10 minutes before the animals were 
anesthetized. Fifteen minutes after the intravenous injection 
the animals were decapitated. The livers were quickly excised, 
homogenized, and immersed in boiling water for 5 minutes. 

Methods—Phospholipids were extracted by the following modi- 
fication of the method of Artom (18). Equal volumes of 10% 
trichloroacetic acid and 2.5% MgCl. were added to the liver 
homogenates, the tubes were centrifuged, and the supernatant 
layers were discarded. The precipitates were then washed twice 
with 5% trichloroacetic acid and extracted with acetone for 2 to 
3 hours; the precipitates were then extracted two times with hot 
absolute ethanol and two times with warm ethanol-ether (1:1). 
The combined acetone, alcohol, and alcohol-ether extracts were 
then taken to dryness. The residues were dissolved in chloro- 
form and filtered; the filtrates were then evaporated to dryness 
under reduced pressure. Five milliliters of 6 N methanolic HCl 
were added, and the contents of the flasks were refluxed for 3 
hours. At the end of this time the contents were evaporated 
to dryness under reduced pressure, dissolved in 10 ml of water, 
transferred to test tubes, and extracted with chloroform. The 
aqueous layers were then treated in one of two ways. 

In the experiments in vitro the water layer was diluted to 150 
ml and neutralized with K,HPO, to approximately pH 7. The 
solution was then passed through small Permutit columns (3 x 
1 cm); the Permutit was washed with 150 ml of water and eluted 
with 8 ml of 10% KCl. To the eluate was added 4 ml of a 


fresh, saturated solution of ammonium reineckate in 1 n HCl. 
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After standing for at least 3 hours, the choline-reineckate was 
centrifuged and washed twice with water and once with ethanol. 
The precipitate was dissolved in acetone and transferred to tared 
planchets. After drying and weighing, the C™ content was 
assayed in a gas flow counter and corrected for self-absorption to 
a constant weight of 1 mg (19). In some experiments choline 
was degraded to trimethylamine and precipitated as the reineck- 
ate by the method of Artom and Crowder, as quoted by Artom 
(18); it was assayed for radioactivity as before. 

In the experiments in intact rats, the aqueous layer remaining 
after chloroform extraction was neutralized and placed on a 
Dowex 50-8X column (50 X 1 cm). The phospholipid bases 
were separated from one another by elution with 1.5 n HCl (20) 
with an automatic fraction collector. Six-milliliter fractions 
were collected, and portions were carefully mixed with 1 g an- 
thracene and 0.1 ml of 3% Tween 80 and assayed for C™ in a 
Packard liquid scintillation counter (21). The fractions con- 
taining choline were identified by precipitation as the reineckate 
and were then dissolved in acetone and assayed colorimetrically. 
The bases were identified by paper chromatography in phenol- 
formic acid-butanol-water (50:3:50:10) (17) and development 
in iodine vapor. 

In the experiments in which methionine was determined, the 
combined trichloroacetic acid supernatants remaining after phos- 
pholipid precipitation were passed through Dowex 50-8X col- 
umns (15 X lem). The columns were washed repeatedly with 
water and were then eluted with 4 n NH,OH. The eluates 
were taken to dryness with suction, and the residues were dis- 
solved in 2 ml of water. Aliquot portions of each were removed, 
and methionine was determined by Bolling’s modification of the 
Sullivan-McCarthy method (22); to the remainder was added 
10 mg of methionine, as carrier, and methyl-methionine-sulfo- 
nium-bromide was formed and precipitated with the use of the 
method of Floyd and Lavine (23). The crystals were washed 
with ethanol, dissolved in water, transferred to tared planchets, 
dried, weighed, and assayed for radioactivity. The recovery of 
added methionine varied from 25 to 53%. 

Materials—Formate-C™ was obtained as the sodium salt from 
the California Corporation for Biochemical Research, Los 
Angeles, California; formaldehyde-C™ from Research Specialties 
Co., Berkeley, California; t-methionine-C“H; from Orlando 
Research, Inc., Orlando, Florida; and ethanolamine-1 ,2-C" from 
Volk Radiochemical Company, Chicago, IIl. 


RESULTS 


When slices of rat liver were incubated with methionine-C"“H;,, 
formate-C"™, or ethanolamine-1,2-C™, there was a considerable 
incorporation of radioactivity into phospholipid choline (Table 
I). With methionine-C"“Hs, the addition of unlabeled ethanola- 
mine and formate, separately or together, did not lower the in- 
corporation; and, similarly, with ethanolamine-1,2-C™, the ad- 
dition of unlabeled methionine and formate caused no decrease 
in the radioactivity of the choline. The latter observation 
shows that the rate of choline synthesis was not limited by the 
concentration of methionine in these experiments. On the other 
hand, when formate-C™ was the precursor, the addition of un- 
labeled methionine markedly depressed the incorporation, al- 
though unlabeled ethanolamine had little effect (Table I). 

Table II shows that the addition of methionine had the same 
effect on the incorporation of formaldehyde-C™ into choline as 
it had on that of formate-C'. When the choline was degraded 


Choline Methyl Groups 


Vol. 235, No. 11 


TaBLe I 

Effect of various precursors on choline synthesis in rat liver slices 

Slices (500 mg) were incubated in 2 ml of bicarbonate Krebs- 
Ringer buffer, pH 7.4, and glucose (6.2 X 10-? m) with or without 
ethanolamine (2 X 10-* Mm), L-methionine (2 X 10-* m), or formate 
(2 X 10°? m), in a total volume of 2.7 ml. The reaction was 
stopped after 3 hours, and phospholipid choline was isolated and 
counted as described in the text. 





























Zz Nonradioactive additions 

c 

E Precursor Choline 

Py Methio-| Ethan- | For- 

B nine jolamine| mate 

<>] 

c.p.m./ 
umole 

1 | Ethanolamine-1,2-C (1.0 ue) 1,350 
Ethanolamine-1,2-C (1.0 ue) _ 1,500 
Ethanolamine-1,2-C™ (1.0 ye) + 1,590 
Lt-Methionine-C"H; (0.8 ye) 19,400 
Lt-Methionine-C“H; (0.8 ue) ~ 21,200 
Lt-Methionine-C“H; (0.8 uc) a 18,500 
Formate-C™ (1.25 yc) 1,300 
Formate-C™ (1.25 ue) 1,820 
Formate-C™ (1.25 ue) + 250 

2 | Ethanolamine-1,2-C™ (1.0 yc) 2,090 
Ethanolamine-1,2-C' (1.0 ue) 1,770 
Lt-Methionine-C“H; (0.8 ye) 15,800 
Lt-Methionine-C“H; (0.8 ye) 21,200 
Formate-C™ (1.25 yc) 1,580 
Formate-C™ (1.25 ye) + + 70 

TABLE II 


Effect of methionine on incorporation of formate-C' and 
formaldehyde-C™ into phospholipid choline 

Rat liver slices (500 mg) were incubated in 2 ml of bicarbonate 
Krebs-Ringer buffer, pH 7.4, glucose (6.2 X 10-* m) and either 
formate (3.7 X 10-4 M, containing 1.25 we C'*) or formaldehyde 
(2.3 X 10-* m, containing 1.25 we C) with or without L-methio- 
nine, in a total volume of 2.7 ml. The reaction was stopped 
after 3 hours, and phospholipid was isolated as described in the 
text. Before hydrolysis of the phospholipid, 10 mg choline was 
added as carrier. Free choline was then isolated and counted, 
after which it was degraded to trimethylamine and counted again 
as described in the text. 














| Nonradioactive , , ; 
Precursor | —— Choline Trimethylamine 

| a 

| 

| pmoles c.p.m./10 pmoles 
Formate-C™.......... 0 720 730 
Formate-C™........... | 10 50 40 
Formaldehyde-C".... | 0 650 630 
Formaldehyde-C".... .| 10 70 70 

' 





to trimethylamine virtually all the radioactivity was found in 
the methyl groups. These and the previous results suggest that 
formate and formaldehyde are converted to methionine before 
incorporation into the choline molecule by rat liver slices. If 
this is so, the depression of formate-C™ incorporation by methio- 
nine should vary with the concentration of methionine in the 
incubation mixture. Also, if methionine is an intermediate in 
the conversion of formate-C™ to choline, methionine should be- 
come labeled to at least the same extent as choline. Table III 
shows that the addition of increasing concentrations of methio- 
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TasBie III 
Effect of exogenous methionine on incorporation of formate-C into 
choline and methionine in rat liver slices 

Rat liver slices (500 mg) were incubated in 2 ml of bicarbonate 
Krebs-Ringer buffer, pH 7.4, glucose (6.2 X 10-* m), and formate 
(3.7 X 10-4 M, containing 1.25 we C"*) in a total volume of 2.7 ml. 
The reaction was stopped after 3 hours and 10 mg of methionine 
were added as carrier; phospholipid choline and free methionine 
were isolated and counted as described in the text. 


























t-Methionine 
Experiment No. Choline Methionine 

Added Recovered 

pmoles umoles c.p.m./pmole 
1 0 0.3 1,050 14,600 
2 1.0 1.0 280 2,540 
3 3.0 1.3 40 1,340 
4 6.0 3.0 30 640 
5 10.0 6.0 0 370 

TaBLe IV 


Effect of homocysteine and methionine on incorporation of 
formate-C™ into phospholipid choline of rat liver slices 
Rat liver slices (500 mg) were incubated in 2 ml of bicarbonate 
Krebs-Ringer buffer, pH 7.4, glucose (6.2 X 10-* M), and formate 
(6 X 10-4 M, containing 1.25 we C") in a total volume of 2.7 ml. 
The reaction was stopped after 3 hours, and phospholipid choline 
was isolated and counted as described in the text. 











Experiment No. Nonradioactive additions Choline 
c.p.m./pmole 

1 None 790 

2 t-Methionine (1 umole) 260 

3 Lt-Methionine (10 uzmoles) 40 

4 pD,L-Homocysteine (2 umoles) 1,020 

5 p,L-Homocysteine (20 ymoles) 350 








nine resulted in a proportionate decrease in the incorporation of 
radioactivity from formate-C™“ into choline. Furthermore, in 
each case the specific activity of the methionine isolated at the 
end of the experiment was several times as great as that of the 
choline. It can be seen from Fig. 1 that the time course of in- 
corporation into methionine and choline, as far as it has been 
determined, satisfies the requirements for a precursor-product 
relationship and that at all times the radioactivity of methionine 
was sufficiently high to account for all the incorporation into 
choline. 

The effect of homocysteine on the incorporation of formate-C™“ 
into choline (Table IV) accords well with this hypothesis. At 
a low concentration homocysteine stimulated the incorporation, 
as might be expected from recent work on the neogenesis of 
methyl groups (24). Ata higher concentration it was somewhat 
inhibitory but much less so than methionine. This may be due 
to a general stimulation of the neogenesis of methyl groups from 
endogenous sources. 

Although these experiments lend good support to the hypothe- 
sis that methionine is an intermediate in the conversion of for- 
mate to choline in rat liver, it was desirable to obtain a more direct 
demonstration of the incorporation of methionine-C'H; into 
the methyl groups of mono- and dimethylethanolamine. For 
this purpose an experiment similar to that of Bremer and Green- 


J.D. Wilson, K. D. Gibson, and S. Udenfriend 
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berg (17) was performed. Methionine-C“H; or formate-C™, with 
or without unlabeled methionine, was injected into rats, and 
the bases from the hydrolyzed liver phospholipids were separated 
by chromatography on Dowex 50. The results of an experiment 
in which methionine-C“H; was used are shown in Fig. 2. Three 
peaks of radioactivity were found, the third and largest of which 
was identified as choline by precipitation as the reineckate and 
also by paper chromatography (Ry of unknown, 0.94; Ry of 
choline, 0.95). The second peak was identified as dimethyl- 
ethanolamine by paper chromatography (Rr of unknown, 0.85; 
Ry of dimethylethanolamine, 0.85). In addition the material 
in this peak (fractions 18 and 19) was combined and converted 
to choline with methy] iodide after addition of 2 mg of dimethyl- 
ethanolamine as carrier (17). The choline which was formed 
was then precipitated as the reineckate; after three recrystal- 
lizations the specific activity was unchanged. The material in 
the first peak (fractions 13 and 14) was also combined, con- 
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Fig. 1. Time course of incorporation of formate-C" into choline 
and methionine in rat liver slices. Slices (400 mg) were incubated 
in 2 ml of bicarbonate Krebs-Ringer buffer, pH 7.4, glucose (6.2 X 
10-* m), L-methionine (3.7 X 10-4 m), and formate (3.7 X 10-‘ m, 
containing 1.25 we C**) in a total volume of 2.7 ml. After various 
intervals the reaction was stopped, and methionine and phospho- 
lipid choline were isolated and counted as described in the text. 
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Fig. 2. Radioactivity of rat liver phospholipid bases after in- 
jection of L-methionine-C“H;. .-Methionine (5 umoles, 2.63 X 
10° c.p.m.) was injected into the portal vein of a rat (85 g); 15 
minutes later the rat was killed and the liver excised. Phospho- 
lipid was extracted and hydrolyzed and the bases separated by 


chromatography on Dowex 50 and counted as described in the 
text. 
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Fig. 3. Radioactivity of rat liver phospholipid bases after 
injection of formate-C™. A. Sodium formate-C™ (8 yumoles, 
7.56 X 10° c.p.m.) was injected into the portal vein of a rat (41 g). 
B. Methionine (50 mg) was injected intraperitoneally into a rat 
(48 g); 10 minutes later sodium formate-C" (8 uwmoles, 7.56 X 10° 
¢.p.m.) was injected into the portal vein. In both cases the rat 
was killed and the liver excised 15 minutes after the injection of 
formate-C™. Phospholipids were extracted and hydrolyzed, and 
the bases separated by chromatography and counted as described 
in the text. 


verted to choline after addition of methylethanolamine as car- 
rier, and recrystallized three times with no decrease in specific 
activity. It was concluded that this peak was methylethanola- 
mine. In other experiments the identity of this peak was also 
confirmed by paper chromatography. 

The results of two similar experiments in which formate-C™ 
was injected are shown in Fig. 3. When formate-C™ was in- 
jected alone, the distribution of radioactivity was as shown in 
Fig. 3A. As with methionine-C“H;, the choline was highly 
labeled, and in addition there were two smaller peaks which were 
eluted from the column earlier. These were identified as mono- 
and dimethylethanolamine by the methods used in the experi- 
ment of Fig. 2. The total radioactivity in each of these peaks 
was less than one-fifth that of the corresponding peak of Fig. 2. 
Fig. 3B shows the result of injecting formate-C 10 minutes 
after the intraperitoneal injection of 50 mg unlabeled t-methio- 
nine. In this case there was no detectable radioactivity corre- 
sponding to either dimethylethanolamine or choline, and only a 
small amount in the position of methylethanolamine. Quite 
clearly the injection of unlabeled methionine suppressed the in- 
corporation of formate-C' into mono- and dimethylethanola- 
mine as well as into choline. 


DISCUSSION 


Keller et al. (3) and du Vigneaud et al. (4) have demonstrated 
that the methyl group of methionine can be incorporated as an en- 
tity into the methyl groups of choline. However, as Stekol 
pointed out (16), all that can be inferred from this is that some 
of the methyl groups of choline are directly transferred from me- 
thionine and, in fact, he has presented data which suggest that 
two of the methyl groups may not arise in this way (14, 15). 
Since all the other known precursors of the choline methyl groups 
are readily converted to one-carbon fragments, it is reasonable to 
assume. that the methyl groups are derived from the one-carbon 
pool (7). However, these one-carbon fragments may either be 
direct precursors of the methyl groups of choline (16), or they 
might be converted to the methyl group of methionine before 
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being transferred to choline (11). The work reported here sup- 
ports the second hypothesis that in the rat liver all the methy| 
groups of choline arise by direct transfer from methionine. 

This hypothesis would also explain a number of earlier ob- 
servations. In long-term feeding experiments with methionine. 
CDs, du Vigneaud et al. (2) found that almost 90% of the hy- 
drogen atoms of the methyl groups of choline could be replaced 
by deuterium. This occurred even though the animals were 
partially deficient in folic acid and vitamin By: (5). The stimu- 
latory effect of homocysteine on the incorporation of formate-C¥ 
into choline in intact rats (Stekol et al. (14)) is similar to the 
effect of homocysteine on the in vitro incorporation of formate 
into choline reported here. In addition it has been shown that 
in intact rats injected methionine-C“H; is about eight times as 
active a precursor of choline as formate-C™ (14). Sakami and 
Welch observed a greater incorporation of formate-C™ into me- 
thionine than into choline in rat liver slices (9), and Arnstein and 
Neuberger found that, in rats, the incorporation of C™ from 
dietary glycine-a-C™, serine-8-C™ or formate-C™ into the methy] 
group of methionine was higher than that into choline methyl 
groups in every case which was investigated (25). These previ- 
ous observations are in accord with the findings reported here. 

However, Stekol and associates have accumulated a large 
body of evidence which tends to support incorporation of one- 
carbon units directly into the methyl groups of choline (14-16), 
One of their most important arguments is that in folic acid de- 
ficient rats, the conversion of methionine-CH; to choline is de- 
creased. Further, this depression in choline biosynthesis can 
be corrected either by the addition of dimethylethanolamine or 
folic acid (15). Nevertheless, the effects of the folic acid defi- 
cient diet may not have been specific, and other complicating 
factors could have contributed to their observations. Con- 


siderable evidence has accumulated indicating that folic acid is | 


required for methionine synthesis (26) so that a relative or ab- 
solute methionine deficiency might have existed in the animals 
used by Stekol’s group. The latter possibility seems quite 
likely in view of the fact that creatine synthesis was also mark- 
edly decreased in these same animals. It has been established 
that creatine is formed enzymatically by direct transmethylation 
from S-adenosyl-methionine (27). There remain the studies 
of Nyc (13) on a choline requiring mutant of Neurospora, which 
were also interpreted as indicating that the methyl group of 
methylethanolamine is derived from formate rather than from 
methionine. However, Nyc’s results might be explained by 
more rapid penetration of formate into the cell, as compared 
with methionine. This possibility was not investigated. Fur- 
thermore, Melville et al. (28) have shown that in Neurospora 
all three methyl groups of ergothioneine can be derived from me- 
thionine by transmethylation. 

In conclusion, the studies reported here are compatible with 
the hypothesis that in rat liver the methionine methyl group 
is the sole immediate precursor of the choline methyl group and 
that the conversion of one-carbon fragments to the methyl 
group of choline is preceded by their incorporation into methio- 
nine. 


SUMMARY 


1. In slices of rat liver, L-methionine markedly suppressed 
the incorporation of formate-C™ and formaldehyde-C* into the 
methyl groups of choline. This suppression occurred under cir- 
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cumstances in which methionine was not rate limiting for the 
synthesis of choline. 

2. Formate-C™ was also incorporated into methionine by rat 
liver slices to an extent which could account completely for the 
incorporation of formate into choline, and the time course of 
these incorporations, as well as the effect of increasing the con- 
centration of added methionine, were consistent with a precur- 
sor-product relationship. 

3. The injection of methionine into rats markedly suppressed 
the incorporation of formate-C™ into methylethanolamine and 
dimethylethanolamine, as well as choline. 

4, These results suggest that the methionine methy] group is 
the sole precursor of the choline methyl group in the rat liver 
and that the conversion of one carbon fragments to the methy] 
group of choline is preceded by their incorporation into methio- 
nine. 
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Oxidation of proline to glutamic acid is presumed to proceed 
via the intermediate A!-pyrroline-5-carboxylic acid (1-3) and 
therefore should require the participation of an enzyme system 
oxidizing the latter compound. We have previously reported 
the existence of such an enzyme in rat liver mitochondria (4). 
This communication describes the partial purification and some 
properties of a pyridine nucleotide requiring enzyme from ox 
liver which oxidizes A!-pyrroline-5-carboxylic acid to glutamic 
acid. Experimental results dealing with enzymic specificity, 
kinetics, and effects of inhibitors are presented. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


A’-Pyrroline-5-carboxylic acid was prepared as previously 
described (5). o-Aminobenzaldehyde was prepared according 
to Bamberger and Demuth (6), and calcium phosphate gel as 
described by Keilin and Hartree (7). A!-Pyrroline and A!- 
piperideine were prepared by oxidation of ornithine and lysine 
respectively with N-bromsuccinimide in the manner described 
by Jakoby and Fredericks (8). A!-Pyrroline-3-hydroxy-5-car- 
boxylic acid was a generous gift from Dr. Elijah Adams. Am- 
monium sulfate was obtained from the Mann Chemical Labora- 
tories. All other compounds were of the highest purity available 
from commercial sources. Lactic and alcohol dehydrogenase, 
and t-glutamic decarboxylase were from the Worthington Bio- 
chemical Corporation. 

Ammonia was determined with Nessler’s reagent. Protein 
was determined spectrophotometrically from the absorbancy at 
280 and 260 my correcting for the nucleic acid content from the 
data of Warburg and Christian (9). Determinations of pH 
were made with a glass electrode and a Beckman model G pH 
meter. 

Optical Assay and Enzyme Unit—Substrate, pyridine nucleo- 
tide, and enzyme were incubated at 28-30° in 0.05  tris(hy- 
droxymethyl)aminomethane buffer, pH 8.2, in a total volume of 
3.0 ml. The enzyme was added last and activity measured by 
the change in absorbancy at 340 muy either in a Beckman model 
DU or Zeiss PMQ spectrophotometer. The rate of reduced 
pyridine nucleotide formation was linear both with respect to 
time and enzyme concentration with absorbancy changes of less 


* This investigation was supported by a grant from the National 
Science Foundation, G-9883. 

+ Senior Research Fellowship SF-42 of the United States Public 
Health Service. 


than 0.1 per minute. 1 enzyme unit is defined as the amount 
of enzyme causing an increase in absorbancy at 340 my of 0.001 
per minute (1.0-cm light path). The concentrations of DPN 
and TPN were determined with glucose and glucose dehydro- 
genase (10), using a molar extinction coefficient of 6.22 x 108 


(11). 


Preparation of Enzyme 


All operations were conducted at 3-7° except where otherwise 
stated. Glass-distilled water previously deionized was used 
throughout. Dialysis casing was immersed for at least 12 hours 
in ethylenediaminetetraacetate (1 mg per ml) before use. 

Acetone dried preparations of ox liver were prepared as de- 
scribed elsewhere (10). The dry liver powder (100 to 200 g) 
was stirred for 30 minutes with 10 volumes of water and centri- 
fuged at 3900 x g for 1 hour. In addition to A!-pyrroline-5- 
carboxylic dehydrogenase the supernatant solution contained an 
enzyme which reduced A!-pyrroline-5-carboxylate with DPNH 
and which may be similar to that described by other investigators 
(12, 13). Interference by this enzyme in the assay procedure 
was minimized by assaying the dehydrogenase at pH 8.2 since 
the reductase has a pH optimum of 6.8. Then, 22.5 g of am- 
monium sulfate were added per 100 ml of supernatant solution 
with the pH maintained at 7 to 7.5 by dropwise addition of dilute 
NH,OH. After stirring for 30 to 45 minutes, the suspension 
was centrifuged at 15,000 x g for 30 minutes. Next, 12.5 g of 
ammonium sulfate were added per 100 ml of supernatant solu- 
tion and the suspension was stirred and centrifuged as before. 
The precipitate was triturated with 100 to 150 ml of 2 m am- 
monium sulfate adjusted to pH 7 to 7.5 with ammonium hy- 
droxide and centrifuged as above. This procedure was repeated. 
The supernatant solutions were discarded and the precipitate 
triturated with 50 to 100 ml of 1.6 m ammonium sulfate, and 
centrifuged. The trituration with 1.6 mM ammonium sulfate 
was repeated until no further enzyme was removed (3 to 4 trit- 
urations). Ammonium sulfate was added to the combined super- 
natant solutions (300 to 350 ml) to a concentration of 2m. The 
suspension was centrifuged as before, the supernate discarded, 
and the precipitate dissolved in 0.01 m Tris, pH 8.2 containing 
0.001MEDTA.! At this stage of purification the total enzymatic 
activity was somewhat higher than the original extract presum- 
ably due to removal of the interfering reductase. The enzyme 


1The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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solution was dialyzed with internal and external stirring until 
the ammonia concentration was 0.1 m or less (4 to 5 hours). 
The dialyzing solution was 10 to 15 times the volume of enzyme 
solution and contained 0.01 m Tris, pH 8.2, and 0.001 m gluta- 
thione. A 20 to 30% decrease of activity often occurred at this 
stage. The solution next was diluted with 0.001 m EDTA, pH 
7.3, to a final protein concentration of 30 to 40 mg per ml and 
ammonia concentration of less than 0.025 mM. The solution was 
adjusted to pH 7.5, chilled to —2°, and ethanol added to 10% 
concentration (volume for volume); the suspension was centri- 
fuged at 15,000 x g for 20 minutes at —3° and the precipitate 
discarded. The ethanol concentration of the supernatant was 
increased to 30%, the temperature lowered to —5° and the re- 
sulting suspension centrifuged as before at —5°. The precipitate 
was dissolved in 0.01 m Tris pH 8.2 containing 0.001 m EDTA 
and dialyzed 1 to 2 hours against 25 volumes of 0.01 m Tris and 
0.001 m glutathione, pH 8.2. The enzyme solution was diluted 
with 0.001 m EDTA, pH 7.3, adjusted to pH 7.5 to obtain a 
protein concentration of about 20 mg per ml, and calcium phos- 
phate gel added in the proportion of 1 mg of gel to 4 mg of pro- 
tein. The suspension was centrifuged and the residue discarded. 
The same amount of calcium phosphate gel, previously centri- 
fuged free from the suspending fluid, was then added to the 
enzyme solution; the mixture was stirred thoroughly, centrifuged, 
and the residue discarded. Then 24 g of ammonium sulfate 
were added per 100 ml of enzyme solution at pH 7 to 7.5. The 
suspension was centrifuged and the residue discarded. Am- 
monium sulfate, 5.8 g per 100 ml of solution, was added, the 
suspension centrifuged, and the supernate discarded. The 
residue was dissolved in 0.01 m Tris, 0.001 m EDTA, pH 8.2, 
and dialyzed as before against 0.01 m Tris, 0.001 m glutathione, 
pH 8.2. The summary of a typical preparation is presented in 
Table I. Attempts at further purification resulted in large 
losses of activity. The enzyme is relatively unstable; activity 
declined over 50% during 2. months at —15°. 


Properties of Enzyme 


Products of Reaction and Stoichiometry—The partially purified 
enzyme oxidized synthetic pxi-A'-pyrroline-5-carboxylate (5) to 
pi-glutamate. Incubation of the components of the reaction 
using excess DPN and a limiting concentration of A!-pyrroline- 
5-carboxylate resulted in the formation of DPNH and glutamate 
equivalent to 75 to 85% of the A!-pyrroline-5-carboxylate added. 
The latter compound has been previously demonstrated to be 
at least 80% pure, judged by reduction to proline (5). It seems 
likely that the 15 to 25% unaccounted for in the enzymatic re- 
action formed by-products, possibly polymers. Incubation of 
A'-pyrroline-5-carboxylate without enzyme under the experi- 
mental conditions, 3 hours at pH 8.2 and 28°, resulted in the 
disappearance of 5 to 15% of the compound as determined chemi- 
cally. We have previously found that the enzymatically utiliz- 
able A!-pyrroline-5-carboxylate is less than the chemically de- 
termined (5). 

The DPNH formed was determined by the increase of absorb- 
ancy at 340 my followed by a decrease equivalent to complete 
oxidation upon addition of either acetaldehyde and alcohol de- 
hydrogenase or pyruvate and lactic dehydrogenase. The glu- 
tamic acid formed was determined by reaction with ninhydrin, 
after paper electrophoresis, paper chromatography, and ion 
exchange chromatography as previously described (5). In a 
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TaBLeE I 
Purification of A'-pyrroline-5-carbozylate dehydrogenase 
176 g of acetone powder 














Step bse a ta Total Protein Pm aA 

ml units mg units/mg 

Aqueous extract......... 1,435 487,000 | 44,600 10.9 
Ammonium sulfate frac- 

1 ee taker les 55 605 ,000 8,030 75 
Alcohol fractionation .. .. 42 312,000 | 2,200 | 142 
Calcium phosphate gel 

treatment............. 110 238 ,000 1,210 | 196 
2nd ammonium sulfate 

fractionation. ......... 11.6 | 190,000 55 | 345 











* For different preparations the initial specific activity varied 
from 6 to 20 and the specific activity at the last stage from 150 to 
1000. 


large scale experiment the glutamic acid was isolated by elution 
from Dowex 1 (14) crystallized as the hydrochloride and identi- 
fied with the ninhydrin reaction after paper electrophoresis and 
paper chromatography and by decarboxylation with t-glutamic 
acid decarboxylase. 

Quantitative determination of pi-glutamic acid formed was 
conducted as follows: 10 wmoles of A!-pyrroline-5-carboxylate 
were incubated with 13.6 umoles of DPN and 2900 units of en- 
zyme in a total volume of 3.0 ml at pH 8.2 and 28°, until the 
reaction was complete as judged by the absorbancy at 340 mu. 
The solution was adjusted to pH 5 with 2 n acetic acid and in- 
cubated with L-glutamic decarboxylase for 30 minutes at 37°. 
Protein was precipitated with 5% perchloric acid, the suspension 
centrifuged, the supernate neutralized with KOH, and the 
potassium perchlorate removed by centrifugation. Aliquots of 
the supernatant solution were subjected to paper electrophoresis 
and the paper strips treated with ninhydrin. Only two com- 
ponents were found, glutamic acid and y-aminobutyric acid as 
identified by simultaneous paper electrophoresis at different pH 
values (4, 6, and 7.6) of authentic samples of these amino acids. 
The glutamic acid was presumed to be the D configuration because 
it had not been decarboxylated by t-glutamic decarboxylase. 
Quantitative determination of the two amino acids was performed 
as previously described (5). In this experiment 7.23 umoles of 
DPNH, 3.6 umoles of p-glutamate, and 3.8 wmoles of y-amino- 
butyrate were formed. In simultaneous experiments conducted 
without L-glutamic decarboxylase treatment, the only amino 
acid found was glutamate in amount equivalent to the DPNH 
formed. In a separate experiment the reaction was stopped 
after about half of the A!-pyrroline-5-carboxylate had been 
oxidized and both p- and L-glutamate determined as before. If 
different enzymes had oxidized the p and x forms separately or 
if the two forms were oxidized by the same enzyme at different 
rates, unequal concentrations of p- and 1t-glutamate would be 
formed. The same relative concentrations of p-glutamate and 
y-aminobutyrate (arising from t-glutamate) were found how- 
ever, indicating no significant difference in the rates of oxidation 
of p- and 1t-A!-pyrroline-5-carboxylate, when the reaction is 
carried out with equal concentrations of the two forms present 
together. 

Attempts to demonstrate pyrrolidone carboxylic acid were 
unsuccessful. It was also not possible to reverse the reaction 
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TABLE IT 
Activity with various aldehydes 

The reaction mixture contained 1.13 ymoles of DPN, 150 umoles 
of Tris buffer, pH 8.2, and enzyme from the last step of purifica- 
tion. Concentrations of substrates in umoles per ml: A!-pyrro- 
line-5-carboxylate, 1.3; A'-pyrroline-3-hydroxy-5-carboxylate, 
3.5; p-glyceraldehyde, 1.7; glycolaldehyde, 3; A!-pyrroline, 3; A'- 
piperideine, 1.5; valeraldehyde, 3; acetaldehyde, 3; glutaric di- 
aldehyde, 1.7; glucuronate, 3. 











Aldehyde Activity 
units/ml 
A!-Pyrroline-5-carboxylate...... 8300 
A!-Pyrroline-3-hydroxy-5- 

Re ee 7100 
p-Glyceraldehyde............... 2900 
Glycolaldehyde................. 760 
RET en Be 750 
EDITS one eee 750 
Velereidenyde...:. o.oo. sive neces. 700 
CII so ccioss wes cer weses 470 
Glutaric dialdehyde............. 360 
beige ital Ritveglatie 150 





by using pyrrolidone carboxylate, lowering the pH to 6, addition 
of high concentrations of DPNH or generating DPNH with 
glucose and glucose dehydrogenase or ethanol and alcohol de- 
hydrogenase. 

Specificity—The lack of influence of the asymmetric center on 
enzymatic activity posed the possibility that the enzyme was an 
aldehyde dehydrogenase of broad specificity similar to that previ- 
ously described (15). A number of aldehydes and potential 
aldehydes were tested as substrates in comparison to A!-pyrroline- 
5-carboxylic acid. The data of Table II, obtained with approxi- 
mately saturating and noninhibitory concentrations of aldehydes, 
show that except for A!-pyrroline-3-hydroxy-5-carboxylate and 
glyceraldehyde, all substances tested reduced DPN at 10% or 
less of the rate obtained with A!-pyrroline-5-carboxylate. In- 
active aldehydes included propionaldehyde, butyraldehyde, 
crotonaldehyde, ribose, and xylose. Further experiments with 
A'-pyrroline-3-hydroxy-5-carboxylate, glyceraldehyde, A?-pyr- 
roline, and A'-piperideine are reported in the following sections. 

Pyridine Nucleotide Specificity, pH Optimum and Kinetics— 
The enzyme reduced TPN at about one-fifth the rate obtained 
with DPN but the oxidation proceeded to the same end point 
with either pyridine nucleotide (75 to 85% of the A!-pyrroline- 
5-carboxylate present). The pH optimum of 8.5 to 8.6 was also 
approximately the same with either pyridine nucleotide. The 
curves obtained (Fig. 1) were asymmetric and this lack of sym- 
metry did not appear to depend on the nature of buffer system 
or on the concentration of reactants. The data of Fig. 1 were 
obtained with concentrations of reactants which were approxi- 
mately saturating for the enzyme, at pH 8.2 and with pyrophos- 
phate as the buffer. Determination of activity at points near 
to the two ends of the curve, i.e. pH 7.4 and 9.4 with twice the 
concentrations of pyridine nucleotides and substrate did not 
increase the rate more than 10% indicating that the reactants 
actually were close to saturation levels at all pH values. With 
Tris buffer the rate was about 20% higher but the shape of the 
curve appeared to be the same. We previously had reported 
that the oxidation of A'-pyrroline-5-carboxylic acid by mito- 
chondrial preparations required phosphate or arsenate (4). This 
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requirement was not found with the acetone powder extract, 
At pH 8.2, plots of reciprocal velocity against reciprocal substrate 
concentrations for each reactant in the presence of a high con- 
centration of the other reactant resulted in the apparent K, 
values of Table III. Concentrations of A!-pyrroline-5-carbox- 
ylate above 1.2 x 10-*m and 2 X 10-*M were slightly inhibitory 
with DPN and TPN, respectively. Concentrations of TPN 
above 4.8 xX 10-* m yielded velocities greater than would be 
expected by extrapolation from velocities at low TPN concen- 














concentrations (Fig. 2), perhaps indicating an activation. This 
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Fic. 1. The influence of pH on the activity of A!-pyrroline-5- 
carboxylic acid dehydrogenase. The reaction mixture contained 
1.13 ymoles of DPN, 4 umoles of A!-pyrroline-5-carboxylate, 150 
umoles of sodium pyrophosphate, and 190 ug of enzyme in a total 
volume of 3.0 ml. The curve obtained with TPN was almost 
the same. Rate expressed in enzyme units per minute. 


TABLE III 
Kinetic constants for A'-pyrroline-6-carborylic acid dehydrogenase 
The reaction mixture contained 150 wmoles of Tris buffer, pH 
8.2, enzyme from the last step in purification, 4 umoles A!-pyrro- 
line-5-carboxylate when the pyridine nucleotide concentration 


was varied and 1.13 wmoles of pyridine nucleotide when the A!- 
pyrroline-5-carboxylate was varied. 





























Component Kn 
M 
LO EE ET ee 5.3 X 10-5 
Re ae rele da areas eaaacsioe 1.2 X 10-* 
4!-Pyrroline-5-carboxylate (with DPN).... 2.9 X 10-¢ 
A!-Pyrroline-5-carboxylate (with TPN).... 6.2 X 10-5 
ws 
= 
os 8 ; 
WwW 
> 
SP a a a a a ae 
cw no DD BB DD WD 


{ 
“Ti moles TPN /mi. 


Fig. 2. Plot of reciprocal velocity against reciprocal TPN con- 
centration. A'-Pyrroline-5-carboxylate concentration, 1.3 X 107 
M. Enzyme from last step of purification. Velocity expressed in 
units per minute. 
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effect was not observed with DPN. Extrapolation to the 
ordinate of the velocities obtained with low concentrations 
of pyridine nucleotides resulted in maximal velocity values for 
DPN 5.7 to 5.8 times that of TPN. 

Experiments in which DPN and TPN were both added resulted 
in velocities practically the same as with DPN alone, in accord 
with the hypothesis that the same enzyme was active with both 
pyridine nucleotides. With A'-pyrroline-3-hydroxy-5-carboxyl- 
ate, the maximal velocity with DPN was about 85% of that 
obtained with A!-pyrroline-5-carboxylate. With TPN the maxi- 
mal velocity with the hydroxy-substituted compound was only 
about 30% of that obtained with A!-pyrroline-5-carboxylate. 
Unequivocal interpretation is not possible since neither the en- 
zyme nor the hydroxyl-substituted compound was pure. With 
TPN, the rates with glyceraldehyde, acetaldehyde, and glycolalde- 
hyde were less than 5% of the rate obtained with A!-pyrroline-5- 
carboxylate. With the high concentrations of enzyme necessary 
for measuring the rates with TPN, endogenous reduction of the 
pyridine nucleotide was appreciable. Thus, although the rates 
of aldehyde oxidation relative to A'-pyrroline-5-carboxylate oxi- 
dation appeared to be less with TPN than with DPN, the pos- 
sible and unknown effects of these aldehydes on the endogenous 
reduction do not permit quantitative evaluation of the data. 
With various concentrations of pi-glyceraldehyde, the rates of 
reduction of DPN could be accounted for entirely by oxidation 
of the D component suggesting stereospecificity for this com- 
pound. 

Inhibitors—Although it was necessary to work with glass- 
distilled water and EDTA to prevent large losses of activity 
during the enzyme purification, Ca++, Mn++, Mgt+, Ba++, and 
Pb*+ at concentrations of 3.3 < 10-4 m were not inhibitory; the 
same concentration of Cu++, CN-, and NH,OH inhibited enzyme 
activity 25, 25, and 12%, respectively. Also noninhibitory were 
N-ethylmaleimide and o-phenanthroline. p-Hydroxymercuri- 
benzoate, ATP, ADP, and AMP all inhibited appreciably as well 
as a number of compounds structurally related to A!-pyrroline-5- 
carboxylic acid (Table IV). Plots of reciprocal velocity against 
reciprocal substrate concentration for A'-pyrroline-5-carboxylate 
with L-proline and 6-aminovalerate indicated the inhibition to be 
competitive (Fig. 3). 

The marked inhibition by 6-aminovalerate could mean that 
the specificity of the enzyme was influenced by the length of the 
carbon chain, the terminal amino group, or the terminal carboxy] 
group. However, n-valeric acid, w-aminoheptanoic acid, n-amy] 
alcohol, isoamyl amine, n-amyl amine, pyrrolidine, L-ornithine, 
and a-ketoglutaric acid did not inhibit, indicating that specificity 
is not determined solely by the length of the carbon chain, a 
terminal carboxyl group, a terminal or a-amino group, or all of 
these combined as in ornithine. It was further noted that L- 
proline, t-hydroxyproline, and 6-aminovalerate inhibited the re- 
duction of DPN by Al-pyrroline, A!-piperideine, and glutaric 
dialdehyde, but not by glyceraldehyde, acetaldehyde, glycol- 
aldehyde, or valeraldehyde. 

The lack of inhibition by proline of p-glyceraldehyde oxidation 
as well as the indication of stereospecificity for p-glyceraldehyde 
indicated that different enzymes were active with p-glyceralde- 
hyde and the other aldehydes on the one hand, and A!-pyrroline- 
5-carboxylate, A!-pyrroline-3-hydroxy-5-carboxylate, A!-pyrro- 
line, A-piperideine, and glutaric dialdehyde on the other hand. 
Further evidence was obtained from experiments with mercapto- 
ethanol and arsenite {Table IV). Mercaptoethanol inhibited 
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TaBLE IV 
Inhibitors of A'-pyrroline-5-carbozylic acid dehydrogenase 
The reaction mixture contained 1.13 wmoles of DPN, 4 umoles 


of A!-pyrroline-5-carboxylate, 150 umoles of Tris buffer, pH 8.2 
and enzyme from the last step of purification. 




















Component Concentration Inhibition 
M % 
p-Hydroxymercuribenzoate .. 3.3 X 10-5 97 
MEP ij. cosas cveissadal 3.3 X 10-3 50 
BE aioe salad eens’ s ohana 3.3 X 10-3 83 
Ne digi ncist shemapliaticaoee hen 3.3 X 10-3 50 
6-Aminovalerate............. 3.3 X 10-3 83 
3.3 X 10-* 67 
6-Valerolactam.............. 3.3 X 10-¢ 15 
ut-Hydroxyproline............ 3.3 X 10-3 78 
y-Aminobutyrate............ 3.3 X 10-3 65 
Te ee eee ae 3.3 X 10-3 65 
PUP MONE a 5 oedve eects vate 3.3 X 10-3 42 
6-Valerolactone.............. 2.8 X 10-3 37 
e-Aminocaproate............. 3.3 X 10-3 26 
pL-a-Aminobutyrate......... 3.3 X 10-3 20 
L-Pyrrolidone carboxylic 
eae} et |) Serre 3.3 X 10-3 20 
| se ee rer 3.3 X 10-3 15 
2,4-Dinitrophenol............ 3.3 X 10-3 11 
Sodium arsenite............. 6.6 X 10-4 32 
2-Mercaptoethanol........... 3.3 X 10-4 1l 
Arsenite + 2-mercapto- 
Re ae ee ee ae 6.6 X 10-4, 3.3 X 10-* 78 
tT ee. Soe oe eee 
8 4 
‘a a at 
7h 4 
6+ 4 
z or 7 
“18 4b 4 
vw L a 
3 4 
2r “ 
ab ae 
oO eS a Sr ee oe ee ee ee i] 
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Fic. 3. Double reciprocal plot illustrating competitive inhibi- 
tion by L-proline. The reaction mixture contained 1.13 wmoles of 
DPN and 150 umoles of Tris buffer, pH 8.2. Enzyme from last 
step of purification. Concentration of proline, 3.3 X 107% Mm. 
Concentration of A'-pyrroline-5-carboxylate in wmoles per ml. 
Velocity expressed in units per minute. Curve a, with proline; 
curve b, without proline. 


oxidation of A'-pyrroline-5-carboxylate but slightly stimulated 
p-glyceraldehyde oxidation. Arsenite plus mercaptoethanol in- 
hibited A!-pyrroline-5-carboxylate oxidation noncompetitively 
but as previously reported (16) were competitive with p-glycer- 
aldehyde oxidation. 


DISCUSSION 


Although all of the enzymes catalyzing the interconversion of 
glutamic acid and proline have not yet been isolated, sufficient 
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data exist to suggest that this interconversion occurs through a 
series of essentially irreversible steps (Diagram 1). Step 1, not 
yet demonstrated in vitro in mammalian tissue has occurred in 
bacteria (17-20). The enzyme catalyzing Step 2 has been ob- 
tained from rat liver (12, 13) and we are currently studying a 
similar enzyme from ox liver.2. Step 3 has been observed with 
homogenates of rat tissues (2, 3) and with a mitochondrial prep- 
aration of rat liver (4). Although the formation of A!-pyrroline- 
5-carboxylic acid in these preparations has not been unequivo- 
cally established (5), work in this laboratory indicates that this 


COOH 











H H.C CH, H.C CH; 
bx ©, 6 ub-coon“.u.6 nd—coon 
b a SY 
HNH, N = 
A}-Pyrroline-5- 
OOH carboxylic acid Proline 
Glutamic 
acid | (8) 
KR (4) H.C———CH; 
H¢ H¢—COOH 
a 
N 
A’-Pyrroline-5- 
carboxylic acid 
DIAGRAM 1 


compound is formed by rat liver mitochondria incubated with 
proline? The enzyme catalyzing Step 4 has been described in 
this communication. 

Up to now, no direct evidence has been obtained for the par- 
ticipation in proline metabolism of the straight chain form glu- 
tamic y-semialdehyde, which has therefore been omitted from 
the provisional scheme above. The inhibition of A!-pyrroline- 
5-carboxylate oxidation by proline, hydroxyproline and 6-valero- 
lactone suggests that the cyclic structure may be the substrate 
for the enzyme described in this communication. From this 
viewpoint the inhibition obtained with 5-aminovalerate, ¢-amino- 
caproate, and y-aminobutyrate might depend on the relative ease 
of cyclization of these compounds. w-Aminoheptanoate and 
B-alanine which would not be expected to cyclize readily are poor 
inhibitors. However, since the lactams, 6-valerolactam and 
pyrrolidone carboxylate, are less inhibitory than the straight 
chain structures to which they are related, it must be presumed 
that the cyclization of the inhibitors either does not go so far as 
to eliminate water and form the lactam, or that ring formation 
takes place after association with the enzyme. The latter con- 
cept might also apply to glutamic y-semialdehyde oxidation and 
would be in accord with the suggestion of Smith and Greenberg 
(12) that reduction of glutamic y-semialdehyde to proline takes 
place after ring closure of the aldehyde combined with the en- 
zyme. 

The observation that both the p and t isomers of glutamic 
acid are formed at equal rates from the pL mixture of A!-pyrro- 
line-5-carboxylic acid could also mean that the straight chain 
aldehyde is the substrate with the terminal aldehyde group far 
enough from the asymmetric carbon atom so that the latter 


2 J. Peisach and H. J. Strecker, unpublished data. 
3 A. B. Johnson and H. J. Strecker, unpublished data. 
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plays no role. The greater inhibition by L-proline compared to 
DL-proline, however, does seem to indicate some kind of stereo- 
specific effect at the enzymatic site. If the ring structure is the 
substrate, the amino group on the asymmetric carbon atom 
would be essential for cyclization. A somewhat analogous 
situation is found with glucose dehydrogenase which has been 
shown to oxidize the B-pyranose form of glucose (10). Dehydro- 
genation of the pyranose ring results in lactone formation; dehy- 
drogenation of the A!-pyrroline ring presumably would require 
first the addition of water. The oxidation product by analogy 
with the glucose dehydrogenase mechanism would be expected 
to be pyrrolidone carboxylic acid. This compound however 
could not be shown to be formed or to take part in the reaction, 
Although the ability to form a ring may be a necessary condition, 
it does not seem to be sufficient for maximal activity by the en- 
zyme; A?-pyrroline and A!-piperideine are relatively poor sub- 
strates. These observations indicate the probable importance 
of the carboxyl group in the enzyme reaction and adds support 
to the concept that the enzymatic function is to catalyze oxida- 
tion of A!-pyrroline-5-carboxylic acid. Whether the same en- 
zyme also oxidizes A!-pyrroline-3-hydroxy-5-carboxylic acid can- 
not be decided from our data.’ 


SUMMARY 


A partially purified enzyme from ox liver has been shown to 
catalyze the oxidation of pi-A!-pyrroline-5-carboxylic acid to 
pi-glutamic acid. Pyridine nucleotides are required for activity; 
the rate with diphosphopyridine nucleotide being about five 
times that with triphosphopyridine nucleotide. Studies with 
inhibitors suggest that the cyclic A!-pyrroline-5-carboxylate is 
the substrate rather than the potential hydrolytic product glu- 
tamic y-semialdehyde. Although a number of aldehydes are 
oxidized, comparison of rates and effect of inhibitors suggests 
that the enzyme is specific for A!-pyrroline-5-carboxylate and 
that a broader substrate specificity may also include A!-pyrro- 
line-3-hydroxy-5-carboxylate, A!-pyrroline, A!-piperideine, and 
glutaric dialdehyde. 
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tamic acid which may be similar to the enzyme described here (21, 
22, and personal communication). 
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Absorption of L-Tyrosine* 


Francis A. Jacosps, RayMonp C. Fuaa, AND WituiAM F. BEe.xt 


From the Guy and Bertha Ireland Research Laboratory, Department of Biochemistry, University of North Dakota 
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In the previous studies we have shown by an in situ perfusion 
procedure (2, 3) that the Bs vitamins are involved in the absorp- 
tion of methionine in the upper small intestine of the rat. These 
findings are in agreement with studies at the cellular level (4) as 
well as in the intact animal (5), in that the Bs vitamins are appar- 
ently necessary for the active absorptive process to proceed. We 
have also shown that deoxypyridoxine and 2,4-dinitrophenol 
have an inhibitory effect upon the absorption of methionine in 
the intact rat (3). 

We are here presenting evidence that the Be-vitamin factors, 
pyridoxine, pyridoxal, and pyridoxal phosphate, all protect 
against DNP'-induced inhibition of L-tyrosine absorption. Of 
these factors, only pyridoxal phosphate will alleviate this induced 
inhibition. These findings lend added support to the hypothesis 
that the Bs vitamins are involved actively in the intestinal ab- 
sorptive process of amino acids, and that pyridoxal phosphate 
must be present for this process to proceed. 


EXPERIMENTAL PROCEDURE 


In the procedure used, net load exchange and continuous ab- 
sorption rates can be established for single animals in the steady 
state. In essence, an isotonic sodium chloride solution con- 
taining 2 mM L-tyrosine? was perfused through a segment of the 
upper small intestine of the rat and samples were obtained for 
analyses by the usual procedure? (2). 


Tyrosine Analysis 


Tyrosine levels of the perfusate were determined chemically 
by a modification of the procedure described by Lowry et al. (6). 
Of the perfusate samples, 0.5 ml was saved for isotopic analysis 
and 0.5 ml was treated with 1.0 ml of 30% trichloroacetic acid to 
precipitate protein material. The latter sample was centrifuged 
and the supernatant solution was analyzed for tyrosine as follows: 
1.0 ml was neutralized with Na,CO; and diluted with water to 


* This work was supported in part by a research grant (A-2023) 
from the National Institutes of Health, United States Public 
Health Service. A preliminary report was presented previously 
(1). 

t Present address, Bowman Gray School of Medicine, Wake 
Forest College, Winston-Salem, North Carolina. 

1 The abbreviation used is: DNP, 2,4-dinitrophenol. 

2 Two mM L-tyrosine contained uniformly labeled L-tyrosine- 
C4. Both tyrosine-C“ and -C' were purchased from Schwarz 
BioResearch, Inc. 

3 Initial volume of the perfusate was 10 ml; 1-ml samples were 
collected after 30 and 60 minutes of perfusion in the present stud- 
ies. 


5.0 ml; 1 ml of the diluted solution was treated with 5.0 ml of 2% 
NazCO; in 0.1 nN NaOH. This alkaline solution was allowed to 
stand for 15 minutes when 0.5 ml of Folin-Ciocalteu phenol rea- 
gent (diluted 1:1 with water) was added and the solution thor- 
oughly mixed. The mixture was heated in a vigorously boiling 
water bath for exactly 1 minute to develop color and cooled under 
running tap water. Absorbancy was read at 660 my. The color 
reached maximal linear absorbancy immediately, and was stable 
for more than 1 hour when developed according to our modifi- 
cation of the original method. A gas flow windowless or gas flow 
thin window Geiger counter was used to measure L-tyrosine-C%, 


Perfusion Studies 


Adult Sprague-Dawley male rats, fasted 18 to 20 hours before 
perfusion, were used in all experiments. These animals had been 
maintained on a stock diet of Purina laboratory chow‘ up to the 
time they were fasted. They were anesthetized before can- 
nulation and perfusion with the amino acid. 


For these absorption studies, the animals were divided into a 


series of groups as follows: a group of control animals received 
no extra vitamins or antagonist; a 2nd group received pyridoxine; 
a 3rd, pyridoxal; a 4th, pyridoxal phosphate; a 5th, DNP; a 6th, 
pyridoxine before DNP; a 7th, pyridoxal before DNP; an 8th, 
pyridoxal phosphate before DNP; a 9th, pyridoxine after DNP; 
a 10th, pyridoxal after DNP; and an 11th, pyridoxal phosphate 
after DNP. Analyses for all groups of these series were made 
both by chemical procedures and by counting techniques. All 
data are expressed in respect to 10-cm segments of the upper 
small intestine. 

Pyridoxine hydrochloride was injected at a dose level of 0.5 
mg; pyridoxal hydrochloride and pyridoxal phosphate were ad- 
ministered in equimolar amounts. DNP in water® was admin- 
istered at a dose level of 10 mg per kg of body weight. The 
vitamins and the antimetabolite were injected intraperitoneally 
as aqueous solutions in all instances. 


RESULTS 


Effect of 2,4-Dinitrophenol upon the Intestinal 
Absorption of t-Tyrosine 
One group of this series was injected with DNP 1 hour before 
perfusion with tyrosine. This group was compared with a group 
of control animals which received no antagonist or extra vitamin. 


‘ Supplier’s analysis, pyridoxine, 4.3 p.p.m. 
5 Hot water containing CaCO; was used to dissolve the DNP. 
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Fig. 1. The inhibitory effects of DNP upon t-tyrosine absorp- 
tion. Left: continuous absorption rates for the control group (O) 
and those injected with DNP (A). Right: the net loads absorbed 
for these respective groups after 1 hour of perfusion, taking into 
account samples removed for simultaneous absorption rate deter- 
minations (the same symbolism applies). The bracket to the 
upper right of each bar on this and subsequent figures indicates 
the standard deviation for the respective group. 

See Table I for the standard deviation values for all points given 
in this and subsequent figures. All values are based upon cannu- 
lated intestinal segments 10 cm long. 


TABLE I 
Intestinal absorption of 2 mm L-tyrosine* 














No. ‘ Probability values® 
Group & absorbed Sm { hour ‘ . 
mals Against Against 
control DNP 
Control 6 | 56.5 + 7.64 <0.01 
Dinitrophenol 5 | 40.7 + 5.8 | <0.01 
Pyridoxine 7 | 54.5 + 7.7 | <0.7 <0.01 
Pyridoxal 5 | 65.44 7.3 | <0.2 <0.001 
Pyridoxal phosphate 6 | 58.3 + 4.5 | <0.7 <0.001 
Pyridoxine before DNP 6 | 53.7 + 5.6 | <0.6 <0.01 
Pyridoxal before DNP 6 | 56.2 + 6.0 | <1.0 <0.01 
Pyridoxal phosphate be- | 5 | 56.5 + 7.8 | <1.0 <0.01 
fore DNP 
DNP before pyridoxine 6 | 39.5 + 5.0 | <0.01 | <0.8 
DNP before pyridoxal 5 | 36.4 + 3.6 | <0.001 | <0.2 
DNP before pyridoxal | 7 | 50.624 5.9 | <0.2 <0.02 
phosphate 

















* Absorption is expressed in respect to intestinal segments 10 
cm long located approximately 3 to 13 cm distal to the pylorus. 

> The values for the net load absorbed are based upon measured 
volume and concentration, taking into account samples removed 
for the continuous absorption studies. 

¢ Probability derived from the test of significance applied in 
respect to the net load exchange. 

4 These values are calculated standard deviations of the mean 
values given in each instance. 


The data for absorption rates and net load exchange for a 1-hour 
period are plotted in Fig. 1. A marked depression of absorption 
was induced by DNP (p < 0.01). Table I contains values for 
the significance of this and the subsequent series of experiments. 

In Fig. 1 the data are plotted in respect to chemical analyses. 
Data obtained by counting radioactive disintegrations were 
found to give mean absorption values somewhat greater than the 
chemical analyses. This difference, though slight, led to the 
suspicion that a measurable amount of tyrosine (or similar sub- 
stance) was secreted into the perfusate during the experimental 
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period. This possibility was investigated by perfusing a group 
of animals with 0.85% sodium chloride solution, and analyzing 
the resulting deproteinized perfusate samples for tyrosine. 
Measurable amounts could be detected, and these were com- 
parable to the differences between the chemical and the radio- 
activity data. These findings are presented in Fig. 2. Hence, 
the radioactivity values constitute data for absolute absorption, 
and chemically determined values can refer only to net amounts 
of amino acid absorption. All data, except for those in Fig. 2, 
are expressed in terms of net absorption. 


Effect of Pyridoxine, Pyridoxal, and Pyridoxal Phosphate 
on t-Tyrosine Absorption 


This series consisted of four groups of animals of which three 
groups received intraperitoneal injections 1 hour before perfusion 
with the vitamin. One group received pyridoxine, another 
pyridoxal, another pyridoxal phosphate, and the 4th, a control 
group, received no extra vitamin. No appreciable effect on 
either the rate of absorption or the net load exchange was noted 
during the experimental period. Fig. 3 shows the data obtained; 
the test of significance for similarity is presented in Table I. 





























15 F 
] , 
5 y Be oe 
W aA | fins 
- S 6] 5 
| | | 
= 
= - 12.88| | 01.30 [ver] 13,07] [1.80] 
A 8 c = A 
L___ jo $ 














Fic. 2. The net and absolute absorption of t-tyrosine. Bar A 
is the absolute amount as measured by isotopic analysis. Bar B 
is the net absorption as measured chemically. Bar C is the 
amount secreted as measured chemically. Bar 2 is a sum of mean 
values of Bar B and Bar C. Bar A is the difference between the 
absolute absorption (Bar A) and the net absorption (Bar B). 
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Fia. 3. The effect of pyridoxine, pyridoxal, and pyridoxal phos- 
phate on L-tyrosine absorption. Left: continuous absorption 
rates for the control group (O); those injected with pyridoxal 
(QO); those injected with pyridoxine (@); and those injected with 
pyridoxal phosphate (@). Right: the net loads absorbed for these 
respective groups after 1 hour of perfusion (the same symbolism 
applies). Numbers in parentheses indicate group size for this 
and subsequent figures. 
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Protective Effect of Pyridoxine, Pyridoxal, and Pyridozal 
Phosphate against DN P-induced Inhibition 


In this series, three groups of animals received by intraperi- 
toneal injection one of the Bs-vitamin factors 14 hours before 
perfusion. One group received pyridoxine, another pyridoxal, 
and another pyridoxal phosphate. Each group was also given 
DNP 1 hour before perfusion. The time of injection was sched- 
uled so that the DNP could exert its inhibitory action and the 
resulting absorptive ability of the treated animals might thus 
demonstrate any protection against the antimetabolite. The 
results, presented in Fig. 4, indicate that each of these vitamin 
factors does protect against DNP-induced inhibition, as analyzed 
statistically in Table I. 


Alleviation of DN P-induced Inhibition 
by Pyridoxal Phosphate 


In this series, each of three groups of animals received DNP 1 
hour before perfusion. Of these groups, one received pyridoxine, 
another pyridoxal, and the 3rd pyridoxal phosphate $ hour before 
perfusion. The results obtained under the above conditions are 
presented in Fig. 5. These data showed no significant alleviation 
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Fig. 4. The protective effect of pyridoxine, pyridoxal, and 
pyridoxal phosphate against DNP-induced inhibition. Left: 
continuous absorption rates for the control group (O); those 
injected with DNP (A); those injected with pyridoxal then DNP 
(0); those injected with pyridoxine then DNP (@); and those 
injected with pyridoxal phosphate then DNP (@). Right: the 
net loads absorbed after 1 hour of perfusion for these respective 
groups (the same symbolism applies). 
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Fig. 5. The alleviation of DNP-induced inhibition by pyri- 
doxal phosphate. Left: continuous absorption rates for the con- 
trol group (O); those injected with DNP (A); those injected with 
DNP then pyridoxal (()); those injected with DNP then pyri- 
doxine (@); and those injected with DNP then pyridoxal phos- 
phate (@). Right: the net loads absorbed after 1 hour of perfusion 
for these respective groups (the same symbolism applies). 
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of DNP-induced inhibition by pyridoxine or pyridoxal. How- 
ever, pyridoxal phosphate did alleviate the effects of DNP. 
Absorption in this group was significantly different from that 
obtained in a group treated only with DNP (p < 0.02) and wag 
significantly similar to the control group (p < 0.2). 


DISCUSSION 


The experiments are designed to permit the simultaneous 
investigation of both the continuous absorption and the net load 
absorbed on the same animal in the steady state. By the use of 
tyrosine-C™, it is possible to measure both the net and absolute 
absorption. Further, this experimental design is unique in that 
it permits the investigation of the protective as well as alleviatory 
effects of the Bs-vitamin factors against the antimetabolite in 
situ. 

The data in Fig. 2 clearly indicate that one must refer to the 
net absorption when considering findings made by purely chemi- 
cal means, whereas data obtained from radioactivity measure- 
ments can be used to establish absolute absorption. The dif- 
ference in the absolute and net absorption can be established 
readily by determining the amount of tyrosine absorbed by 
radioactivity measurements and by chemical determinations for 
the amino acids. This can be established further by perfusing 
an isotonic sodium chloride solution, deproteinizing the perfusate, 
and measuring the tyrosine secreted into the lumen of the per- 
fused segment. 

All animals used in these experiments were maintained on 
stock diets adequate with respect to the Be vitamins. The effects 
of the 18- to 20-hour fasting period and of the anesthesia did not 
influence the results since control groups were treated in a similar 
manner. The DNP-induced inhibition of L-tyrosine absorption 
was similar to that observed in our studies on t-methionine ab- 
sorption (3), and was in agreement with in vitro (7) and in vivo 
(8) studies of others. 

The Bs vitamins, pyridoxine, pyridoxal, and pyridoxal phos- 
phate, failed to enhance significantly the intestinal absorption of 
L-tyrosine. This is compatible with the fact that the animals 
were maintained on a diet adequate in pyridoxine and the excess 
vitamins could not then exhibit their effects. However, each of 
these vitamin factors was able to protect significantly (p < 0.01) 
against DNP-induced inhibition of absorption when they were 
administered 4 hour before the antimetabolite. Pyridoxal and 
pyridoxine failed to alleviate the inhibitory action of DNP 
whereas pyridoxal phosphate alleviated the DNP-induced in- 
hibition significantly (p < 0.02 against DNP alone). This effect 
was induced rapidly, since the animals had been treated with 
DNP 1 hour before and with pyridoxal phosphate 3 hour before 
perfusion was started. 

Pyridoxine and pyridoxal are converted to their. respective 
phosphates (9) by means of a reaction with ATP. This phos- 
phorylation can be inhibited indirectly by DNP, since it “‘un- 
couples” oxidative phosphorylation (10) and in turn inhibits ATP 
formation. The injected DNP should then interfere with the 
formation of pyridoxal phosphate from precursors such as pyti- 
doxine and pyridoxal. When the vitamin factors pyridoxine 
and pyridoxal were administered before DNP, it is not unreason- 
able to suppose that their rapid conversion to pyridoxal phos- 
phate, and hence an accumulation of this cofactor occurred before 
ATP formation was inhibited. This could account for the 
similarity of the three vitamin factors in their ability to protect 
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against the DNP-induced inhibition. However, in the reversed 
order of administration, i.e. when pyridoxine, pyridoxal, and 
pyridoxal phosphate were injected 4 hour after the administration 
of DNP, the findings suggest that ATP formation had been in- 
hibited by DNP to such an extent that phosphorylation of the 
subsequently injected pyridoxine and pyridoxal had been 
blocked. This can be seen from the results, since only pyridoxal 
phosphate alleviated the DNP-induced inhibition, whereas pyr- 
idoxine and pyridoxal showed no tendency to do so. Thus it 
appears that pyridoxal phosphate is acting as a coenzyme in this 
absorptive process for L-tyrosine. 

It has been shown that glutamic acid and aspartic acid in low 
concentrations are absorbed in vivo by means of a transamination 
reaction (11). The small intestine of the rat has also been shown 
to be capable of carrying out deamination and decarboxylation 
(12). Pyridoxal phosphate is a known cofactor in all three of 
these reactions. 

The results of these experiments indicate that a phosphoryla- 
tion mechanism is involved in the intestinal absorption of L-tyro- 
sine in situ. This mechanism is directly associated with the 
formation of pyridoxal phosphate from its precursors (pyridoxine 
or pyridoxal), which in turn may chelate with the amino acid and 
transfer it across the cell wall (13), or become attached to the cell 
membrane and aid in the transport of the amino acid (14). This 
finding is not in agreement with the opinion that the amino acid 
is phosphorylated during intestinal absorption (15). 

Christensen holds that the amino acid chelate with pyridoxal 
is involved in cellular transfer. This condition may well be 
demonstrated without DNP, but in the presence of DNP pyri- 
doxal fails to alleviate DNP poisoning, whereas pyridoxal phos- 
phate overcomes the effects of DNP and intestinal absorption of 
the amino acid proceeds in the presence of pyridoxal phosphate. 
Our evidence leads us to hold that pyridoxal must be in the phos- 
phorylated form to take part in the intestinal absorption of 
L-tyrosine in the intact animal. 
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SUMMARY 


Intestinal absorption of L-tyrosine has been studied in rats. 
A perfusion technique in situ which allows for study of the 
continuous rates and net load absorbed from the upper small 
intestine has been used. The method for tyrosine analysis is 
presented together with data related to the absolute and net ab- 
sorption by the intestine. 

The Bs vitamins, pyridoxine, pyridoxal, and pyridoxal phos- 
phate, protected against 2,4-dinitrophenol inhibition of intes- 
tinal absorption of the amino acid, but only pyridoxal phosphate 
alleviated 2 ,4-dinitrophenol inhibition once this was induced. 
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Purine nucleotides occur in blood but their precursors and 
turnover rates have not been investigated systematically. Be- 
cause blood can be incubated in vitro for several hours without 
much change in the purine nucleotides present, we have been 
able to determine the rate of incorporation of various radioactive 
precursors into blood nucleotides. In addition to studying these 
reactions in whole human blood, we have also used hemolyzed 
human blood, which has a markedly different nucleotide pattern, 
and whole chicken blood, which contains nucleated red cells. 


EXPERIMENTAL PROCEDURE 


Blood was obtained from humans by venipuncture and from 
chickens by heart or arterial puncture. Siliconized glassware 
was used routinely and heparin was added to prevent clotting. 
Aliquots of 10 ml each were pipetted into 40-ml centrifuge tubes 
with round bottoms. Aliquots to be hemolyzed were frozen in 
solid CO.-alcohol and thawed in a water bath at 37°. This pro- 
cedure was immediately repeated, with the result that hemolysis 
of more than 90% of the red cells occurred. The tubes were 
placed in a water bath at 37° and a gas mixture consisting of 95% 
O2-5% CO2 was passed over the blood for 10 minutes. The gas- 
sing mixture was first passed over 0.9% NaCl solution at bath 
temperature so that the incubated blood would not change in 
water content. After initial equilibration of the blood, precursor 
was added to each tube, and the incubation proceeded for 2 hours 
with constant gassing. Each tube was swirled as often as nec- 
essary to prevent the red cells from settling. The hematocrits 
after 2 hours of incubation were within 1% of the initial values 
and the pH of the blood at the end of the incubation period was 
approximately 7.4. At the end of the incubation period, each 
tube was chilled in ice and 10 ml of cold 10% trichloroacetic acid 
were added. The extraction was repeated twice with cold 5% 
trichloroacetic acid. The trichloroacetic acid was removed from 
the supernatant fluid by repeated extraction with cold ether. 
The neutral extract was frozen, and later the nucleotides were 
fractionated on Dowex 1-formate resin columns as described pre- 
viously (1). 

The column chromatography of samples in which xanthine had 
been used as a precursor was complicated by the fact that xan- 
thine was eluted between DPN and uric acid and was not resolved 
from either. It was found that all three compounds could be re- 
solved by starting with 0.01 n formic acid which eluted the xan- 
thine as well as the cytosine compounds that come off in the “A” 


* This work was supported in part by Grant A-210 from the 
National Institute of Arthritis and Metabolic Diseases of the 
National Institutes of Health, Bethesda, Maryland, and by the 
Buffalo Chapter of the Arthritis and Rheumatism Foundation. 


region of the previous system (1). The DPN was then eluted 
with 0.05 m ammonium formate and the uric acid with 0.13 y 
formic acid. 

After separation and spectrophotometric assay (1), the nu- 
cleotide fractions were pooled in Ehrlenmeyer flasks, which were 


then supplied with individual air jets and suspended in a steam | 


bath. This procedure facilitated the removal of not only the 
water and formic acid but also of the ammonium formate. 
The nucleotide residues were hydrolyzed with 1 n HC) for 


1 hour at 100°. The free purines were spotted on strips of What- | 


man No. | paper for descending chromatography with n-butanol- 
concentrated NH,OH-H;0 (86:5:9) in the case of adenine, and 
isopropanol-concentrated HCI-H,O (130:33:37) in the case of 
guanine. The purine spots were located with ultraviolet light! 
marked, cut out, and stapled between two strips of Whatman 
No. 1 paper. Distilled water was allowed to descend in such a 
way that the purine on the original paper traveled down but 
not off the lower strip of the new paper, the upper strip having 
served as a wick. Rechromatography of the purines in this 
water system is particularly useful in removing nonspecific con- 


taminants, such as NH,Cl, which contribute ultraviolet absorb- ; 
ancy at the lower wave lengths and also interfere with measure- | 


ments of radioactivity. 

The final purine spots were cut out of the paper and eluted 
with 0.1 n HCl (adenine) or 1.6 Nn HCl (guanine). One aliquot 
was plated on a planchette and a second aliquot was made up 
for absorbancy measurements in the Beckman model DU spee- 
trophotometer. The major maximal point in the spectrum was 
used for quantitation, but at least one more inflection point in 
the spectrum was read. The ratio of the absorbancies at the 
two inflection points was calculated for each sample and samples 
with improper ratios were rejected. 

Uric acid was treated slightly differently from the nucleotides. 
After being taken to dryness, these samples were dissolved in 
Clark and Lubs buffer, pH 8.0 (2), and spotted onto strips of 
Whatman No. 1 paper for descending chromatography in dis- 
tilled water. The resulting spots were stapled between paper 
strips as noted above, and rechromatographed with distilled 


1 The amounts of purines on the papers are often so limited that 
an intense, well filtered source of ultraviolet light is absolutely 
necessary. The best lamp we have used was constructed by 
placing a 3- X 12-inch sheet of No. 7-54 filter glass (Corning Glass 
Company) over a 15-watt, 18-inch General Electric germicidal 
lamp. The ultraviolet light emanating from this combination is 
mostly at 253.7 mu, very intense, and with virtually no visible 
component. The chromatographic papers are laid on the glass 
filter, which then serves as a marking platen after the spots have 
been visualized. It is obvious that this lamp is dangerous to the 
eyes of persons not wearing glasses. 
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water. The uric acid spots were quite compact both times, in 
contrast to our earlier system (1), which yielded a compact spot 
only after the second “water run.” The uric acid was finally 
eluted with distilled water containing a trace of acetic acid. The 
eluting solution must be kept slightly acid since uric acid decom- 
poses readily in alkaline solutions. The eluate was taken to 
dryness in a steam bath with an air jet, and the residue taken 
up in distilled water for assay as above. 

The amounts of precursor per 10 ml aliquot of blood were: 
1.05 umoles of glycine-2-C" (New England Nuclear Corporation, 
1,140,000 c.p.m. per umole); 0.99 umole of adenine-8-C™ (Volk 
Radiochemical Company, 1,020,000 c.p.m. per umole); 2.0 p- 
moles of hypoxanthine-8-C (Volk Radiochemical Company, 
950,000 c.p.m. per umole); 1.1 wmoles of guanine-8-C™ (Volk 
Radiochemical Company, 930,000 c.p.m. per umole); and 6.2 
pmoles of xanthine-8-C“ (Schwarz Laboratories, Inc., 120,000 
¢.p.m. per umole). 


RESULTS 


Preliminary Experiments—When blood is withdrawn from an 
animal and allowed to stand in air, such as under storage condi- 
tions, its nucleotide pattern begins to change. Among other 
things, the ATP level falls and IMP appears (3). To be certain 
that the nucleotide pattern of incubated blood remained essen- 
tially unchanged, freshly drawn human blood was incubated at 
37° under an atmosphere of 95% 025% COs. Aliquots of 10 
ml each were removed at 0, 3, 1, and 2 hours, and the nucleo- 
tides were fractionated and determined. The data are presented 
in Table I. It is apparent that ATP as well as the other nu- 
cleotides are not diminished by the 2-hour incubation, nor does 
any IMP appear. The control of the blood pH by use of the 
appropriate concentration of CO, in the gaseous atmosphere is 
very important. Incubation of blood in air, for example, will 
shift both the pH and the nucleotide pattern markedly. Since 
all subsequent incubations of human blood were performed with 
subjects whose blood nucleotide patterns were known, it was 
possible to say that none of the patterns was abnormal after in- 
cubation. In the chicken studies, the postincubation nucleo- 
tide patterns were compared with the blood nucleotide pattern 
of the variety of chickens used. 

Table I shows that human and chicken bloods contain the 
same major nucleotides but in somewhat different amounts. 
The hematocrit of chicken blood was usually somewhat lower 
than that of human blood. Even so, the concentrations of GTP 
and uric acid were higher in the chicken. The ratio of ADP to 
ATP in chicken blood was considerably smaller than in human 
blood. This might be related to the fact that the human eryth- 
rocyte depends solely upon glycolysis for phosphorylation of 
ADP, whereas the chicken erythrocyte has an active citric acid 
cycle (4). 

Hemolysis changes the blood nucleotide pattern drastically 
as can be seen from the table. The disappearance of ATP and 
ADP could be explained by the activation of ATPase, an enzyme 
known to be present in blood hemolysates (5). Another pos- 
sible explanation is that phosphorylation of AMP via glycolysis 
has ceased. Glycolytic inhibitors such as iodoacetate cause 
human red cell ATP to disappear and AMP to be augmented 
(6). The disappearance of DPN in hemolyzed blood agrees 
with the work of Handler and Klein (7), who noted that in washed 
broken-cell preparations of several tissues, the pyridine nucleo- 
tides were readily broken down. GTP was broken down to 
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TABLE I 
Comparison of nucleotide patterns of normal and hemolyzed human 
blood and chicken blood after incubation 


All samples were incubated at 37° under 95% O2-5% COs.. 
Hematocrit of the human blood was 47%, whereas that of the~ 











chicken was 37%. Hemolysis was by freezing and thawing twice. 
All values given as ymoles of compound per liter of whole blood. 
. Hemo- 
‘ ro Mead se various lyzed jChicken 
ampound blood in-| cubated 
cubated | for 2 hrs 
0 hr $hr ihr 2hrs_ | for 2 hrs 
i eS ae 35 31 35 42 1 41 
2 a 173 163 178 194 94 232 
te: Mae e rep. 3 6 10 10 131 8 
so Gee Gea 2 2 Feat ll 16 17 27 i 13 
|”. ce Ay ae 0 0 0 0 3 0 
Res Geen tr 45 57 63 67 2 15 
RB S88 422 397 446 473 0 376 
Jb as 0 eee ee 26 21 15 21 0 46 























* Small amount of TPN, but not resolved from small amount of 
GMP (from GTP breakdown). 


GMP, which was eluted just after TPN and before IMP. This 
makes its quantitation difficult. The disappearance of some of 
the uric acid in the hemolyzed sample is thought to be related 
to the known lability of uric acid in an alkaline medium, but 
similar changes must somehow be held in abeyance in the pres- 
ence of intact cells. 

Incorporation studies with the hemolyzed system allowed a 
check on the studies in the intact system, ruling out factors such 
as cell penetration. One particular advantage of the hemolyzed 
system was that it contained IMP. This, together with the 
presence of augmented amounts of AMP, allowed relationships 
between these two compounds to be studied. 

The present studies were performed on whole blood without 
any separation of cell types or addition of any buffers or sus- 
pending media. This approach was chosen because we desired 
to know what reactions take place in whole blood under condi- 
tions as close to those prevailing in vivo as possible. Under the 
conditions used, trauma to the cells should have been the least 
possible. The nucleotides are known to be confined to the cells 
(1). Since most of these cells are erythrocytes, it might be as- 
sumed that the relationships studied pertain mainly to those 
cells. However, the ability of the various white cells to incor- 
porate purines into nucleotides and nucleic acids both in vitro 
and in vivo has been clearly demonstrated by Hamilton (8-10) 
and the possible contributions of white cell labeling in the follow- 
ing experiments cannot be ignored. 

Results in Fig. 1 are expressed as percentage of incorporation, 
which is defined as (100 x specific activity of product/specific 
activity of precursor). 

Glycine—From Fig. 1 it can be seen that glycine-2-C™ is not 
incorporated into intact or hemolyzed blood nor into chicken 
blood. Lowy et al. reported that the mature rabbit erythrocyte 
is incapable of de novo purine synthesis (11), but that the rabbit 
reticulocyte can synthesize purines in vitro (12). Since, unlike 
the mammalian erythrocytes, the chicken erythrocytes have a 
functioning citric acid cycle (4) and an appreciable oxygen con- 
sumption (13), one might conjecture that the chicken blood is 
capable of performing some reactions not possible in the atypical 
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Fic. 1. The incorporation in vitro of various radioactive precursors into the nucleotides and uric acid of intact and hemolyzed 
whole human blood and intact whole chicken blood. All samples were incubated with the precursor for 2 hours at 37° under 95% 


02-5% CO2. Hemolysis was by freezing and thawing twice. 
mammalian erythrocyte. With respect to de novo purine syn- 
thesis, however, the avian blood is no more competent than the 
mammalian blood. It may well be that blood cells pick up 
preformed purines from other tissues such as liver, as suggested 
by the work of Henderson and Le Page (14). Lajtha and Vane 
(15) demonstrated that the ability of the bone marrow to syn- 
thesize adenine from formate was considerably depressed in the 
hepatectomized rabbit. Henderson and Le Page (16) did not 
test the ability of glycine-C™ to form adenine in mouse blood 
in vitro, although all the other tissues examined performed de 
novo synthesis both in vitro and in vivo. 

Adenine—In all three test systems, adenine was well incor- 
porated into the adenosine phosphates. Since it is well known 
that AMP in human erythrocytes is readily phosphorylated to 
ADP and ATP (6), and also that myokinase (adenylate kinase) 
is present (17), it is only necessary to consider the conversion of 
adenine to AMP. One mechanism would involve the reaction 
of adenine with ribose 1-phosphate to give adenosine and phos- 
phate with use of the enzyme purine nucleoside phosphorylase. 
Kalckar (18) found this enzyme from rat liver to be effective 
only with inosine and guanosine, but Korn and Buchanan (19) 
isolated a liver nucleoside phosphorylase that would synthesize 
adenosine from adenine and ribose 1-phosphate. Huennekens 
et al. (20), isolating nucleoside phosphorylase from human red 
cell hemolysates, confirmed the substrate specificity found by 
Kalckar, but noted that the crude hemolysate can also split 
adenosine and xanthosine (21). The phosphorylation of adeno- 





sine presumably involves a 5’-nucleotidase, well distributed in 
nature (22). One objection to postulating adenosine as an in- 
termediate in the conversion of adenine to AMP is the existence 
in blood of a very active adenosine deaminase (23, 24). A more 
direct synthesis of AMP involves the reaction of adenine with 
ribosylpyrophosphate 5-phosphate in the presence of nucleotide 
pyrophosphorylase. With this enzyme, isolated from beef liver 
by Flaks et al. (25), the equilibrium lies far in the direction of 
nucleotide synthesis. Preiss and Handler (26) demonstrated 
that human erythrocyte preparations not only generate ribosyl- 
pyrophosphate 5-phosphate but also form from it the 5/-nucleo- 
tides of adenine as well as of guanine and hypoxanthine. Lowy 
(27) has reported the incorporation of isotopic adenine and hy- 
poxanthine into the soluble nucleotides of mammalian red blood 
cells. 

In the whole human blood system the formation of labeled 
DPN, probably from labeled ATP, was not unexpected in light 
of the work of Preiss and Handler (28). The disappearance of 
DPN in the hemolyzed human blood has already been discussed. 
In whole human or chicken blood, DPN contained more isotope 
than did TPN, a finding most easily explained as slower tur 
over of TPN. 

The presence of IMP in the hemolyzed system allowed the 
observation that at 2 hours, the labeling of IMP from adenine 
was less than the labeling of AMP, suggesting the metabolic 
sequence adenine — AMP -— IMP. There is good evidence 
(29, 30) to suggest that the adenine nucleotides in blood are con- 
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verted to IMP (and thence to hypoxanthine). 
acid deaminase in blood has been reported (23). 

Adenine was a poor precursor of guanine nucleotide. The 
fact that in both intact human and chicken blood, adenine is 
a poorer precursor of GTP than was hypoxanthine is consistent 
with the postulate of Abrams and Bentley (31) that adenine is 
converted to guanine via a hypoxanthine stage. Since they 
showed that DPN was required for this reaction, it is not sur- 
prising that the hemolyzed human blood, which had lost nearly 
all of its DPN, showed no guanine nucleotide formation from 
adenine. 

Probably because of the absence of xanthine oxidase, no uric 
acid arises from adenine in intact or hemolyzed human blood. 
The presence of xanthine oxidase along with the other necessary 
enzymes in chicken blood could explain the formation of some 
isotopic uric acid from adenine in that system. 

Hypoxanthine—In the hemolyzed blood there is good incor- 
poration of hypoxanthine into IMP. This conversion might 
take place with or without the formation of inosine, depending 
on whether the reaction goes via purine nucleoside phosphorylase 
and 5’-nucleotidase or via nucleotide pyrophosphorylase, as dis- 
cussed in the previous section. Other studies in this laboratory 
have failed to reveal any inosine in stored or incubated blood, 
despite the fact that large quantities of IMP and hypoxanthine 
do arise. This finding suggests the second route but does not 
eliminate the possibility that the first may operate. 

The equilibrium between IMP and AMP in human blood is in 
favor of IMP, as shown by the relative labeling of the two in 
the hemolyzed blood as well as by the negligible labeling of the 
adenine nucleotides in the intact human blood. 

GTP was slightly labeled in the intact blood but its counter- 
part, GMP, was not labeled in the hemolyzed blood. This find- 
ing again suggests the lack of DPN, which is required by this 
system (31). 

In the human blood, virtually no labeled uric acid was formed 
from hypoxanthine or from any of the compounds to which it 
was converted. This observation is not surprising since the 
absence of xanthine oxidase in human blood was noted or im- 
plied by earlier work (20, 30, 32, 33). 

The reactions in deteriorating human blood would appear to 
be ATP — ADP — AMP — IMP — hypoxanthine (34). Since 
IMP and hypoxanthine are not present in appreciable quantities 
in freshly drawn human blood (1), it would seem that one of the 
key reactions in blood storage is the deamination of adenylic 
acid. 

In chicken blood, the reactions of hypoxanthine are much 
more manifest. Although no demonstrable quantities of IMP 
are present, one might assume that labeled IMP was formed by 
the reactions already considered, and that this was a good pre- 
cursor of GTP. The marked incorporation of hypoxanthine into 
GTP might be related to the fact that chicken blood has a higher 
concentration of GTP than does human blood. The appreciable 
labeling of ADP and ATP could also be explained on the basis 
of amination of IMP. This is in contrast to human blood in 
which the deamination of AMP appears to be favored. Uric 
acid formation from hypoxanthine occurred in some but not in 
all the samples of chicken blood studied. This suggests that 
xanthine oxidase activity was present in some of the blood sam- 
ples from chickens. 

Xanthine—Since this purine has a very low solubility in neu- 
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tral solutions, it was added to blood ina suspension. In the 
intact human blood there was slight incorporation of xanthine 
into GTP, even less than with hypoxanthine. This might be 
related to solubility and penetration. There was slight con- 
version of xanthine to uric acid in the intact human blood, but 
more conversion took place in the hemolyzed system. Since 
the absence of xanthine oxidase has already been established, 
the possibility of xanthine oxidation by either a nonenzymatic 
reaction or by some other enzyme system must be considered. 
The incorporation of xanthine into GMP in the hemolyzed human 
blood is especially interesting because, according to Abrams and 
Bentley (31, 35), DPN is required for the conversion of inosinic 
acid to xanthylic acid in the synthesis of guanylic acid. In our 
hemolyzed system, which lacked DPN, xanthine was converted 
to GMP, but neither adenine nor hypoxanthine showed any such 
conversion. In another communication, Abrams and Bentley 
(36) reported that a cell-free extract of bone marrow required 
DPN for the amination in the conversion of hypoxanthine to 
guanine, but this system was not comparable to the present one 
in several respects. 

The results with xanthine in the chicken blood could be ex- 
plained as due to poor penetration of the precursor, were it not 
for the fact that uric acid contained radioactivity. This observa- 
tion suggests that the xanthine did in fact enter the cells and 
was relatively inactive except for this reaction. There seems to 
be evidence from the present studies to suggest that xanthine 
oxidase activity in chicken blood is variable. In the studies 
with xanthine as a precursor, one sample of chicken blood readily 
converted the xanthine to uric acid, while the other did so at a 
much slower rate. In the experiments with hypoxanthine, the 
same diversity among birds was seen. Since the studies with 
guanine and adenine were performed on aliquots of blood from 
the same chickens as for the hypoxanthine experiments (and are 
entered in the same order in the figure), it can be deduced from 
the results shown in Fig. 1 that xanthine oxidase activity is the 
limiting factor in urate production from hypoxanthine as well 
as from guanine and to a lesser extent from adenine. This vari- 
ability of xanthine oxidase activity in the blood of chickens from 
the same strain and flock is apparently real. 

Guanine—In the intact or hemolyzed human blood, radio- 
active guanine was an excellent precursor, respectively, of either 
GTP orGMP. It formed no IMP or adenine nucleotides. This 
finding is further confirmation that the conversion of IMP to 
GMP is irreversible. Since no xanthine-containing nucleotides 
have been found in our systems, although tentatively reported 
by others (36), nothing can be said as to which step from IMP 
to GMP might be irreversible. 

When chicken blood was incubated with guanine, the syn- 
thesis of GTP was small by comparison to that found with hu- 
man blood. However, its ability to convert guanine to uric 
acid was generally good. A remarkable finding was that hy- 
poxanthine is a better precursor of GTP than is guanine itself. 
This implies that the conversion of hypoxanthine — IMP — 
GMP occurs more readily than does the conversion of guanine 
to GMP. No explanation for this behavior is readily apparent. 


DISCUSSION 


From the foregoing experiments on intact and hemolyzed 
human blood, one can postulate the following series of reactions 
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in whole human blood: 


Adenine — AMP = ADP = ATP 


1 
Uric acid «/-/— hypoxanthine = IMP 


4 
L 
Guanine — GMP = [GDP] = GTP 


The synthesis of purines de novo from glycine does not occur. 

The above reactions are qualitatively the same for whole 
chicken blood with two major exceptions. First the conversion 
of IMP to AMP appears to take place to a limited extent, since 
hypoxanthine was incorporated into adenine nucleotides. Sec- 
ond, there is xanthine oxidase activity in the blood of some 
chickens, since labeled uric acid is formed from labeled purines. 
Chicken blood, like human blood, does not synthesize purines 
de novo from glycine. 


SUMMARY 


The degree of incorporation of glycine, adenine, hypoxanthine, 
xanthine, and guanine into the acid-soluble nucleotides of whole 
and hemolyzed human blood and whole chicken blood was ob- 
served with labeled precursors. By chromatographic methods 
the blood nucleotides were separated and the activities of their 
purine bases determined. None of the blood systems synthe- 
sizes purines de novo, but adenine is readily incorporated into 
the adenine nucleotides and dinucleotides, and guanine is incor- 
porated into guanine nucleotides. Some chicken blood samples 
have the ability to convert purines to uric acid but human blood 
does not. 
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The enzyme aspartate transcarbamylase (also known as aspar- 
tate carbamy] transferase and ureidosuccinic synthetase) catalyzes 
the following reaction: 


COOH COOH 
bu, O bu, Oo 
bH—nH, + bur, = bu—na—b_nu, + H;PO, 


boon —PO:;He OOH 


This reaction was first demonstrated in Streptococus faecalis (1). 
It is a reaction of particular interest because it is the first specific 
step in the pathway of pyrimidine synthesis; its regulation by 
feedback inhibition (2) and repression mechanisms (3) in Es- 
cherichia coli serves in the control of this pathway. 

Investigation of the feedback inhibition of aspartate trans- 
carbamylase by various cytosine derivatives posed a number of 
problems regarding the nature of the most effective inhibitor and 
its mode of inhibition which required a study of the kinetics of 
inhibition. It seemed best in investigations of this sort to purify 
the enzyme, especially since the earlier results on kinetics of 
enzyme action were not in good agreement with data obtained 
by others with a partially purified preparation of the enzyme 
(4). These differences are most likely attributable to the diffi- 
culties involved in trying to determine kinetics on crude extracts 
of low activity. Therefore, the present work was undertaken 
with the objective of obtaining a highly purified preparation of 
the enzyme which would be suitable for kinetic studies. The 
enzyme has already been purified considerably from wild-type 
E. coli (4); by taking advantage of the very great increase in 
enzyme obtained by releasing the repression, a somewhat greater 
purification had been achieved from a pyrimidine-requiring Z. 
coli mutant (3). It is a continuation of this latter work which 
will be described here. 


EXPERIMENTAL PROCEDURE 


Carbamyl phosphate, carbamyl aspartic acid, aspartic acid, 
orotic acid, uridine-5’-P, dihydrouracil, citrulline, uracil, 6-aza- 
uracil, and mercaptoethanol were obtained commercially. The 
DEAE-cellulose used was supplied by Eastman Kodak Company. 
t-Dihydroorotic acid was prepared as described previously (5). 

Bacterial Medium—The salts-glycerol medium used in all cases 
as growth medium has been described previously (5). When the 
medium was supplemented with uracil, orotic acid, uridine-5’-P, 
or dihydrouracil the concentration of these compounds was 2 
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10-* m unless otherwise noted in the text. When L-arginine or 
L-citrulline were added the concentration used was 4 X 10-7‘ M. 
The bacteria used were ZL. coli strain B and the pyrimidine-re- 
quiring mutants of EZ. coli, R185-482 and 6386. Mutant R185- 
482 requires citrulline or arginine and either uracil, cytosine, 
carbamy] aspartate, dihydroorotic acid, or orotic acid for growth. 
Mutant 6386 requires orotic acid or uracil. 

Enzyme Assay—Two assay procedures were employed. In 
the first, the carbamyl aspartate produced by the reaction was 
estimated colorimetrically (6). This assay was used only when 
the specific activity of the enzyme in the extract was very low, 
e.g. in extracts prepared from organisms growing in the presence 
of uracil. In the second assay, used throughout the enzyme 
purification, the activity of the enzyme was followed by measur- 
ing the inorganic phosphate produced in the reaction (1). This 
procedure has the advantage of being very rapidly carried out, 
but where the activity of the enzyme is low, high inorganic phos- 
phate blanks make it impracticable. 

The assay incubation mixture was prepared as follows: sodium 
aspartate, 15 wmoles; dilithium carbamyl phosphate (solution 
freshly prepared), 8 umoles; tris(hydroxymethyl)aminomethane, 
pH 7.0, 50 wmoles; enzyme and water to give a final volume of 
1ml. The amount of enzyme added was such that after incuba- 
tion with the substrates for 10 or 20 minutes at 28°, 1 to 2 umoles 
of P; were formed. At the end of the incubation period the re- 
action was stopped by immersing the tubes in ice water. Esti- 
mation of P; was carried out on 0.1 ml aliquots of the incubation 
mixture by the Lowry-Lopez method (7). A blank containing 
the same components but omitting aspartate was always included 
to allow for the P; present as impurity in the carbamyl phosphate, 
and also for the spontaneous decomposition of the latter during 
the incubation and subsequent operations. These conditions 
are not optimal for the enzyme, but assure a low blank. 

Protein determinations on the enzyme-containing solutions 
were carried out by the Folin method (8) standardized against 
E. coli extracts by biuret assays. When mercaptoethanol was 
present in the samples, it was necessary to include the same con- 
centration in the blank since it was found to enhance the blue 
color produced by the reaction. 

Occasionally protein was estimated by reading the optical 
density of the samples at 260 and 280 my (9). In this case, the 
samples were diluted to give absorbancies of less than 1.0. This 
method was used on eluates from the DEAE-cellulose columns; 
provided the dilution was carried out, the results agreed quite 
well with those obtained by the Folin method. 

A unit of enzyme activity is defined as the amount of enzyme 
which under the conditions of the assay catalyzes the formation 
of 1 umole of P; or carbamy] aspartate in 1 hour at 28°. Specific 
activity is expressed in units of enzyme per milligram of protein. 
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RESULTS 


Choice of Enzyme Source—Reference has been made to a regu- 
latory mechanism in £. coli in which formation of aspartate 
transcarbamylase and other enzymes reponsible for orotic acid 
synthesis were repressed by some product formed from uracil 
(3). This finding was used to obtain bacteria containing a high 
level of the enzyme. Thus, in pyrimidine-requiring mutants 
grown on a medium supplemented with uracil (or in wild-type 
E. coli), the specific activity of the enzyme varied between 0.3 
and 0.5 unit per mg. Under conditions which limit the amount 
of uracil in the growth medium, the specific activity of aspartate 
transcarbamylase was as high as 150 (3). Such increases in the 
specific activity of the enzyme were brought about either by 
growing a pyrimidine-requiring mutant on a limiting concentra- 
tion of uracil so that a period of uracil starvation ensued during 
which the specific activity of the enzyme increased, or by grow- 
ing the same mutant cells on uracil, and then transferring them 
to a medium containing a slowly utilized metabolic precursor of 
uracil such as orotate or dihydroorotate. 

Before developing a purification procedure, conditions for ob- 
taining as high as possible an initial activity were found. As 
reported earlier (3) the maximal amount of enzyme should be 
produced when pyrimidines are supplied rapidly enough to per- 
mit some protein synthesis but not so fast as to repress synthesis 
of the enzyme. To determine the optimal conditions, two py- 
rimidine-requiring mutants of FE. coli, R185-482 and 6386, were 
grown and incubated in the presence of a number of pyrimidine 
derivatives and precursors: carbamy] aspartate, dihydroorotate, 
orotate, uridine-5’-phosphate, cytosine, and dihydrouracil. As- 
partate transcarbamylase activity in the bacteria harvested from 
many of these media showed an increase in the specific activity 
of the enzyme over the level observed in the same organism 
growing on a uracil-containing medium. The highest specific 
activities of the enzyme were observed in cells of R185-482 when 
this mutant was grown in the salts-glycerol medium supple- 
mented with arginine and a limiting concentration of uracil, and, 
after growth had ceased due to uracil depletion, dihydroorotate 
was added to permit slow growth. Under optimal conditions of 
dihydroorotate concentration, length of incubation period with 
dihydroorotate, etc. (see below), the specific activity of the en- 
zyme rose to as high as 500 units per mg; 7.e. an increase of about 
1000-fold over the basal level. Bacteria grown under these con- 
ditions were used to prepare the extract from which the enzyme 
was purified. 

Two further attempts were made to grow cells in which the 
aspartate transcarbamylase level was elevated. In one instance, 
cells of the pyrimidine- and arginine-requiring mutant, R185- 
482, were first grown on a medium containing citrulline and 
uracil, and were then transferred to a medium in which citrulline 
was the sole supplement. The cells grew slowly on citrulline 
and after one generation specific activity of the enzyme was 10. 
The fact that the cells were able to grow, although slowly, sug- 
gested that citrulline was able to supply some of their pyrimidine 
requirement. Possibly some citrulline phosphorolysis occurs 
with the formation of carbamyl phosphate or, perhaps, alterna- 
tively, carbamy] aspartate is formed by the direct cleavage of 
argininosuccinic acid (10), or there is direct transfer of the car- 
bamy] group to aspartate. 

Secondly, an attempt was made to isolate a mutant of EF. coli 
in which the level of aspartate transcarbamylase was higher 
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than in the wild-type organism. The procedure followed wag 
one devised to isolate overproducers of metabolites (11). Wild- 
type E. coli strain B was spread on agar plates of salts-glycerol 
medium containing 1.5 mg per ml of 6-azauracil, and colonies 
capable of growth on these plates were picked. The effect of 
6-azauracil on EF. coli is complex (3, 12); however, inhibition jg 
readily overcome by small amounts of uracil. Therefore, mu- 
tants which overproduce uracil should grow in the presence of 
the inhibitor. If a mutant exists in which aspartate transcar- 
bamylase is not repressible by uracil or 6-azauracil, such a mu- 
tant might well grow in a medium containing a high concentra- 
tion of 6-azauracil. 

From a 6-azauracil plate which had been inoculated with 106 
E. coli there grew 11 distinct colonies. Six of these colonies 
were large and were haloed with very small colonies (Type 4A), 
one colony was large and had no small satellite colonies surround- 
ing it (Type B), and four colonies were smaller and again had no 
smaller colonies surrounding them (Type C). Bacteria from 
each type of colony were grown on liquid salts-glycerol medium 
in the presence of 6-azauracil and were then transferred, after 
washing, to the same medium without 6-azauracil. Only in 
Type C bacteria did the specific activity of the enzyme remain 
at a high level (about 15 units per mg), and although these cells 
grew slowly there was no indication of any dilution of enzyme 
activity as growth proceeded. Therefore cells of the C type are 
constitutive mutants with a 30-fold higher level of aspartate 
transcarbamylase than the parent cells. This mutant was not 
used as the enzyme source in the purification since much higher 
levels of enzyme were achieved in the manner previously de- 
scribed. 


Purification Procedure 


Growth of Organism and Preparation of Cell-free Extract—Salts- 
glycerol medium, 20 liters, containing 4 x 10-‘ M L-arginine and 
3.3 X 10-'m uracil, was made up in a glass carboy with a capacity 
of just over 20 liters. The medium was inoculated with 200 ml 
of a culture of R185-482 which had been grown overnight at 37° 
and was aerated by swirling. The composition of the medium 
used to grow the inoculum was the same as the 20 liters of me- 
dium except that the uracil concentration was 2 x 10-4m. After 
inoculation, the bacterial density of the 20-liter culture was 
approximately 3 xX 10’ cells per ml. The culture was incubated 
in a 37° room, and aerobic conditions were maintained by passing 
moist, filtered air into the bottom of the carboy by means of two 
pieces of glass tubing with slightly tapering orifices; the neck of 
the carboy was plugged loosely with cotton. Depending upon 
the rate of aeration, the generation time of the bacteria varied 
between 60 and 110 minutes. There was some indication that 
the cultures yielding the richest source of enzyme were those 
grown under aeration conditions which gave a longer generation 
time. The turbidity of the culture was measured at intervals 
and when a constant value (about 4 x 108 cells per ml) was 
reached (indicating utilization of all the uracil present in the 
medium), 4 g of t-dihydroorotic acid were added to the culture. 
Incubation was then continued for 5 to 12 hours, during which 
time the turbidity of the suspension approximately doubled. 
The specific activity of the enzyme increased for about 5 hours 
after addition of dihydroorotic acid, after which it appeared to 
remain constant for at least a further 7 hours, although the total 
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number of enzyme units present in the culture was sometimes 
increased. 

The bacteria were harvested by Sharples centrifugation either 
immediately after incubation or after storage overnight at 4°. 
The cream-colored bacterial mass obtained after centrifugation 
was suspended in about 50 ml of water and subjected to sonic 
oscillation in a 10 Ke Raytheon magnetostriction oscillator at 
4° for 20 minutes. The extract was centrifuged for 2 hours in 
the Servall centrifuge at 11,000 x g; the precipitate, consisting 
of cell debris and unbroken cells, was discarded. The aspartate 
transcarbamylase activity of this extract was found to be un- 
changed after storage for 3 months at —10°. The protein con- 
tent ranged from 40 to 50 mg of protein per ml. Data obtained 
at this and subsequent steps are shown in Table I. 

Heat Step—The cell-free extract obtained by sonication, ad- 
justed to pH 6.0 with 0.5 M acetate buffer, was brought to 55° by 
swirling it in a flask immersed in a 58° water bath for about 3.5 
minutes. After it was held at 55° for 5 minutes, the extract was 
cooled rapidly by swirling the flask in ice water. The heated 
extract was centrifuged at 11,000 X g for 30 minutes after which 
a fairly clear supernatant fluid was obtained. The precipitate 
was suspended in about 10 ml of water, brought to pH 6.0 with 
the acetate buffer, and recentrifuged; this supernatant fluid was 
added to the first. The enzyme activity in the heat-treated 
extract was stable for at least 2 months at —10°. A 2-fold 
purification was always obtained by this step and the recovery 
of activity was about 85%. 

Ammonium Sulfate Step—The supernatant fluid obtained after 
heat treatment was brought to pH 7 with 2 n NH,OH and cooled 
in an ice water bath. Solid (NH,)2SO, was added with stirring 
to give 40% saturation, t.e. 243 mg per ml of extract. After 
standing at 4° for not less than 3 hours the precipitate was cen- 
trifuged down, the supernatant fluid poured off, and the precipi- 
tate washed with about 5 ml of 40% (NH,)SO, at pH 7. After 
centrifugation, the washing fluid was added to the main superna- 
tant fluid. The supernatant fluid was readjusted to pH 7 and 
more (NH,4)2SO4 was added to bring the saturation to 50%, 7.e. 
an additional 63 mg per ml of supernatant fluid. Once again the 
precipitate was centrifuged off after standing for not less than 
3 hours at 4°; after centrifugation, it was taken up in about 5 
ml of water. The precipitate resulting from the 50% (NH,)2S0, 
step contained most of the enzyme activity, although about 10% 
of the units originally present in the extract were found in the 
final supernatant fluid. Attempts to recover these units by 
addition of more (NH,4)2SO, were not very successful as the 
specific activity of the precipitated material fell rapidly and the 
recovery of activity was poor. The purification achieved by 
this step was 2.5- to 3-fold and the recovery of units from the 
previous step between 50 and 69%. 

It was necessary to remove most of the (NH4)2SO, from the 
dissolved 40 to 50% precipitate by dialysis before proceeding 
with the next step. Dialysis against water invariably resulted 
in complete inactivation of the enzyme, nor was much protection 
afforded by buffered solutions of thioglycollate, cysteine, or 
reduced glutathione. The usual procedure followed was to 
dialyse the enzyme, with stirring and in }-inch dialysis tubing, 
overnight against 3 liters of a solution which was 0.05 m with 
respect to mercaptoethanol and 0.01 m with respect to imidazole 
buffer (pH 7). There was no loss of activity during dialysis 
and the dialysed material could be stored for at least 3 months 
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Summary of data obtained at different stages 
in preparation of enzyme 
Total Total Specific | Enzyme 
enzyme protein activity yield 
units mg units/mg % 
ree oR ais oe 1,610,000) 3,280 493 100 
Heat-treated extract.......| 1,360,000} 1,300 | 1,040 84 
40-50% (NH,) SO, precipi- 
WS SA od ees bee 781,000 318 | 2,460 49 


DEAE-cellulose fractions 
1. Purest fraction........ 
2. Less pure fraction (af- 

ter refractionation).... 
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at 4°. On freezing and rethawing of the dialysed preparation, 
a white precipitate appeared and the activity was completely 
lost. After this stage, therefore, the enzyme preparation was 
stored routinely at 4°. 

DEAE-Cellulose Fractionation Step—Before use, DEAE-cellu- 
lose was washed by stirring 20-g batches in a 2-liter beaker with 
four 1,500-ml volumes of 0.1 n KOH. The DEAE-cellulose 
was then washed with water until the washing fluid was neutral. 
In the final wash the material which had not sedimented after 
20 minutes was discarded. The washed DEAE-cellulose was 
collected under suction on a sintered glass filter and dried at 
room temperature. For the fractionation of the dialysed prepa- 
ration from an initial culture volume of 20 liters, 6 g of DEAE- 
cellulose was made into a slurry with water and allowed to 
settle by gravity in a l1-cm diameter column, and it was equili- 
brated at 6° with a buffer (pH 6.9) containing 0.01 m imidazole 
and 0.01 mM mercaptoethanol, freshly prepared. 

The dialysed extract was put on the column after being di- 
luted one part to five of 0.01 m imidazole, pH 6.9. The per- 
fusion rate was 20 ml per hour. Elution was started with a 
0.11 m KCl solution made up in the imidazole-mercaptoethanol 
buffer. The eluate was collected in 10 ml fractions and the 
optical density of the fractions followed at 269 and 280 my with 
a spectrophotometer. A large amount of enzymatically inactive 
protein appeared, after which the optical densities became fairly 
constant at a lower level. The tubes in the protein peak con- 
tained none of the enzyme activity, although those following 
the peak sometimes began to show activity. This did not al- 
ways occur and was probably only observed when rather large 
volumes of the 0.11 m KCl solution were put through the column 
(e.g. 280 ml). Changing the eluant to a 0.13 m KCl in imidaz- 
ole-mercaptoethanol solution resulted in a protein peak which 
proved to contain the enzyme (Fig. 1). During the elution 
with 0.13 m KCl, 5 ml fractions were collected. Fractions num- 
ber 29 to 39 contained the enzyme at specific activity between 
7000 and 8000 units per mg. 

Gradient elution on DEAE-cellulose has also been employed 
and found to be satisfactory. In this case elution was begun 
with a 0.1 m KCl imidazole-mercaptoethanol solution in the 
mixing flask and into this a 1.0 m KCl imidazole-mercapto- 
ethanol solution was slowly introduced, the rate of addition 
being the same as the rate of drainage of the column. 

Concentration of Enzyme—Those fractions in which the spe- 
cific activity of the enzyme was constant and maximal, i.e. those 
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Fig. 2. Crystals of aspartate transcarbamylase 


under the 0.13 m KCl peak, were pooled (volume about 80 ml) 
and diluted with 80 ml of imidazole-mercaptoethanol buffer to 
lower the salt concentration. The diluted enzyme solution was 
then put on a small column consisting of 0.6 g DEAE-cellulose, 
prepared as before, and having a diameter of lem. The enzyme 
was completely retained by the column, no activity being de- 
tected in the effluent. Elution of the enzyme was accomplished 
with a 0.2 m KCl in imidazole-mercaptoethanol buffer and the 
eluate was collected in 2 ml fractions. Recovery of the enzyme 
from this concentration step was almost 100% and the activity 
was found entirely in the 2nd to 4th, or 3rd to 5th, fractions col- 
lected from the column. The specific activity remained un- 
changed. 

The fractions on either side of the enzyme peak had a lower 
specific activity (approximately two-thirds that of the purer 
material). Subjecting this material to the same concentrating 
procedure resulted in a purification, the specific activity of the 
concentrated material being as high as that of the first concen- 
trate. 

These two concentrates contained about 60% of the enzyme 
activity present in the 40 to 50% (NH4,).S0, precipitate, and the 
purification achieved was 3-fold. (The method is capable of 
achieving at least 10-fold purification with cruder starting ma- 
terial). Some of the activity not recovered could be accounted 
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for in the fractions following the 0.13 m KCl peak where the 
activity tailed off rather slowly. 

Crystallization—A portion of the enzyme preparation of spe- 
cific activity about 7000 and containing 13 mg of protein per 
ml was adjusted to faint turbidity by addition of a solution of 
saturated (NH,)2SO, made up in mercaptoethanol-imidazole 
buffer (pH 7). The final concentration of (NH4)2S0,4 was about 
30% saturated. After about two weeks at 4°, crystals in the 
shape of thin square plates were noted. Excess (NH,)2SO, was 
added to the bulk of the preparation, the precipitate was sepa- 
rated by centrifugation, taken up in a small volume of mercap- 
toethanol-imidazole buffer, brought to faint turbidity and seeded 
with a small amount of the first crystals. Numerous crystals 
appeared overnight from this solution (Fig. 2). The specific 
activity of the material centrifuged from this preparation was 
only about 2100 units per mg. Presumably some denaturation 
had occurred during the period of standing in (NH4)2SO,. The 
material was readily recrystallized again by repetition of the 
above procedure. 

The purified enzyme dissolved in mercaptoethanol-imidazole 
buffer was stable for several months at 4°. 

Tests for Purity—A solution of the enzyme obtained from the 
DEAE-cellulose column was made up at a concentration of 13 
mg per ml in 0.2 m KCl, 0.01 m mercaptoethanol, and 0.01 m 
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imidazole buffer (pH 7) and run at 2° in a Spinco analytical 
ultracentrifuge at 59,780 r.p.m. Photographs taken at intervals 
permitted an 820, of 11.5 + 0.5 S to be determined. Assuming 
values found for most proteins of #, the partial specific volume 
of the enzyme, equal to 0.74 + 0.03 and f/f., the asymmetry 
ratio, equal to 1.1 + 0.05, a molecular weight of 220,000 + 
40,000 is calculated. The preparation showed only one major 
peak (Fig. 3, taken at 69 minutes), indicating a high degree of 
homogeneity by this criterion. 

A portion of the enzyme material that was run in the ultra- 
centrifuge was subjected to starch electrophoresis (13) for 16 
hours at 180 volts and 2 ma, at about 4°. At the completion of 
the run, the starch block was cut into 1-cm sections, eluted with 
water, and the extracts tested for enzyme and protein contents. 
From Fig. 4 it can be seen that the material was in a single peak 
and that the enzyme activities and protein contents of the frac- 
tions changed in a parallel manner. The specific activities of 
the peak fractions were about 5000 units per mg, perhaps indi- 
cating some denaturation. The bulk of the original protein had 
been removed, since otherwise it would have appeared at other 
positions (3). Furthermore, the enzyme actually moved at 
least 3 cm relative to uncharged materials—a motion largely 
counterbalanced by electroosmotic flow (13). These results 
suggest that the purified enzyme is fairly homogeneous by the 
criterion of electrophoresis. 


DISCUSSION 


Evidence for homogeneity of the purified aspartate transcar- 
bamylase is the similar specific activities of the fractions ob- 
tained from the DEAE-cellulose column and of the starch elec- 
trophoresis block, as well as the single peaks obtained by these 
techniques and by ultracentrifugation. Purity is also suggested 
by the ease with which the material was crystallized. The 
enzyme of specific activity 7,000 units per mg has a turnover 
number of 25,000 molecules of carbamyl] aspartate produced per 
minute per molecule of enzyme, under the suboptimal conditions 
of assay used. If one corrects to optimal conditions of pH 
(about 7.5) and substrate, a turnover number of at least 100,000 
+ 20,000 is obtained. This high value suggests that the en- 
zyme must be reasonably pure. 

The methods used to purify the enzyme are quite standard. 
Of greater interest is the fact that it was possible to enrich the 
specific activity of the starting material 1000-fold by release of 
repression. This is equivalent to a 1000-fold purification, or 
put in another way means that one can obtain the pure enzyme 
from 20 liters of culture instead of 20,000, and much more easily. 

Since the molecular weight of the enzyme and its specific 
activity in the wild-type organism as well as in the purified 
state are known, one can calculate that there are about 50 mole- 
cules of aspartate transcarbamylase per wild-type bacterium. 
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Release of repression causes this enzyme to rise till it is as much 
as 7% of the total bacterial protein, or at least 14% of the pro- 
tein formed during the period of growth on dihydroorotic acid. 
These numbers illustrate the enormous power of repression in 
holding down the synthetic capacity of the bacteria. It is of 
interest in this regard that the aspartate transcarbamylase- 
constitutive mutant isolated in these studies formed the enzyme 
at a rate only 30 times that of the wild-type. 


SUMMARY 


1. The aspartate transcarbamylase of Escherichia coli has been 
highly purified and crystallized. It appears relatively pure by 
starch electrophoresis, ultracentrifugation, and elution from a 
diethylaminoethyl-cellulose column. 

2. The molecular weight of the enzyme is about 220,000 and 
it has a turnover number of about 100,000. 

3. The enzyme is present to the extent of about 50 molecules 
per bacterium in wild-type Escherichia coli. By release of re- 
pression, the rate of enzyme synthesis relative to protein syn- 
thesis can increase by 2000-fold so that its specific activity in 
the bacteria rises 1000 times. The final level of enzyme is equal 
to about 7% of the total bacterial protein. 

4. A constitutive mutant which forms the enzyme at 30 times 
the rate of the wild-type was isolated. 


Acknowledgments—We wish to acknowledge the most useful 
preliminary work done on the purification of the enzyme by 
Richard A. Yates. We are indebted to Mr. G. Burde for pho- 
tography of the crystals, and to the laboratory of Dr. H. K. 
Schachman for ultracentrifuge runs. 


REFERENCES 


1. Jones, M. E., Spector, L., anp Lipmann, F., J. Am. Chem. 
Soc., 77, 819 (1955). 


2. Yates, R. A., AND ParpDEg, A. B., J. Biol. Chem., 221, 757 

3. wlan A., AND Parpeg, A. B., J. Biol. Chem., 227, 677 

4. PA non P., np Hansuorr, G., Acta Chem. Scand., 10, 548 

5. Vien A., anp Parpeg, A. B., J. Biol. Chem., 221, 743 

6. Kontr, 8. B., anv Couen, P. P., J. Biol. Chem., 209, 145 
(1954). 


7. Lowry, O.H., anv Lopsgz, J. A., J. Biol. Chem., 162, 421 (1946). 
8. Lowry, O. H., RoseBrovueu, N. J., Farr, A. L., anp Ran- 
DALL, R. J., J. Biol. Chem., 198, 265 (1951). 
9. WARBURG, O., AND CHRISTIAN, W., Biochem. Z., 310, 384 (1942). 
10. ScHuLMAN, M. P., anp BapGer, S. J., Federation Proc. 18, 292 
(1954). 
11. ApeLBERG, E. A., J. Bacteriol., 76, 326 (1958). 
12. HANDSCHUMACHER, R. E., Nature (London), 182, 1090 (1958). 
13. Paremn, K., Anal. Chem., 28, 284 (1956). 













Tue JourNAL or Brotogicat CHEMISTRY 
Vol. 235, No. 11, November 1960 
Printed in U.S.A. 


3-Methylaspartic Acid as a Potent Antimetabolite of 
Aspartic Acid in Pyrimidine Biosynthesis 


D. W. Woo.Ley 


WITH THE TECHNICAL ASSISTANCE OF CONRAD MavuG& anp Monica CassiIpy 


From The Rockefeller Institute, New York, New York 


(Received for publication, June 17, 1960) 


The discovery last year that 3-methylaspartic acid (6-methyl- 
aspartic acid) is a natural metabolite formed by isomerization 
of glutamic acid through the intervention of a vitamin-B,:-con- 
taining coenzyme (1) suggests a new relationship of this vitamin 
to thymine biosynthesis. Thus, carbamylation of 3-methylas- 
partic acid would yield 3-methylureidosuccinic acid, which, by 
ring closure and deoxyribonucleotidation would yield dihydro- 
thymidylic acid, and eventually thymidylic acid. These reac- 
tions would be quite analogous to those known to yield uridylic 
acid from aspartic acid, and would provide a new pathway for 
formation of thymidylic acid. 

We were particularly interested in this idea because we wished 
to make antimetabolites of 3-methylaspartic acid which might 
accordingly be expected to suppress thymine (or thymidylic acid) 
biosynthesis. We had shown earlier a relationship of vitamin 
B,, to certain spontaneous cancers (2, 3) and had been able to 
suppress some of them with antimetabolites which interfered 
with vitamin B,: formation (4, 5). 

An antimetabolite of 3-methylaspartic acid might be expected 
to enhance the efficiency of such compounds by providing a 
sequential blockade in reactions involving this vitamin and lead- 
ing to deoxynucleotide synthesis. 

When Barker’s paper (1) appeared, attempts were therefore 
begun to synthesize and to test antimetabolites of 3-methylaspar- 
tic acid. In the biological testing of some of these, the rather 
surprising finding was made that 3-methylaspartic acid itself was 
a very powerful inhibitor of the growth of Escherichia coli. 
Further study showed that this amino acid owed its toxic action 
on this bacterium to the fact that it was an antimetabolite of 
aspartic acid, and one which seemed to interfere with the func- 
tioning of aspartic acid in the formation of pyrimidine precursors. 

While the present manuscript was being prepared, a prelimi- 
nary communication by Isenberg et al. (6) appeared which also 
set forth independently the idea that 3-methylaspartic acid 
might be a precursor of thymine. The evidence quoted was 
that this amino acid was able to replace the nutritional need for 
thymine and for vitamin B,: in certain microorganisms. In our 
work we had tested the ability of 3-methylaspartic acid to re- 
place thymine for a thymine-requiring mutant of E. coli, and 
had found it to be inactive. It would therefore seem that the 
block in biosynthesis in the mutant we used was at a different 
locus from that in the organisms of Isenberg et al. 


EXPERIMENTAL PROCEDURE 


Materials—o.-Threo-3-methylaspartic acid was synthesized 
by the modified method of Dakin as described by Barker et al, 
(7). By appropriate change of the alkyl halides employed, the 
synthesis of 3-phenylaspartic acid, 3-ethylaspartic acid, and 3,3- 
dimethylaspartic acid was achieved. Orotic acid, L-dihydro- 
orotic acid, and dihydrouracil were purchased from Sigma Chem- 
ical Company. tL-Asparagine, L-aspartic acid, L-ureidosuccinic 
acid, uracil, thymine, and all of the other t-amino acids described 
were purchased from Mann Chemical Company. The basal me- 
dium composed of glucose, sodium citrate, and inorganic salts 
was made as described by Davis and Mingioli (8). All sub- 
stances used in the assay were dissolved in water and adjusted 
to the pH of the basal medium before use. The Z. coli was 
strain B and was carried in Todd-Hewitt broth (9). The thy- 
mine-requiring mutant of E. coli was the strain 15T-, kindly 
supplied by Dr. 8S. S. Cohen (10). 

Methods—Double strength medium of Davis and Mingioli in 
5-ml portions was dispensed in 25 X 150-mm test tubes. Neu- 
tral solutions of the various amino acids and other addenda were 
pipetted into each tube, and the volume was adjusted to 11 ml 
with water. The tubes were sterilized by autoclaving for 15 
minutes at 15 pounds pressure, and when cool were inoculated 
with inoculum prepared as follows. The cells from an 18-hour 
culture were collected by centrifugation, resuspended in sterile 
1% NaCl, diluted 1:100, and 1 drop of the dilution was added 
to each tube. The usual time of incubation was 18 hours at 
37°. If longer incubation periods were used, the time will be 
stated. At the end of the incubation period, the turbidity of 
each tube was measured in an Evelyn photoelectric colorimeter. 
Growth in each tube was expressed as the percentage of incident 
light transmitted by the culture when compared to uninoculated 
tubes of the same composition. 

Dose-response curves were constructed by plotting on squared 
paper the concentration of the substance in question against the 
growth (turbidity) it elicited. The amount required for half- 
maximal effect was then ascertained by interpolation on the 
curves. 

Each experiment was repeated at least five times. 


RESULTS 


Inhibition of Growth with 3-Methylaspartic Acid—Table I will 
show a typical response of E. coli strain B to graded amounts of 
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3-methylaspartic acid. It can be seen that under the conditions 
stated (18 hours at 37°) the compound was surprisingly toxic to 
this organism. 

Competitive Reversal by 1-Aspartic Acid—The data in Table I 
show that the growth inhibition caused by 3-methylaspartic acid 
was overcome completely by sufficient aspartic acid. The data 
of Table II show that this antagonism was of the competitive 
type over a 100-fold range of concentration. 

Dependence of Inhibition on Time of Incubation—The amount 
of 3-methylaspartic acid required to cause inhibition of growth 
depended on the time of incubation. Growth of E. coli under 
the conditions outlined was maximal in 16 hours in the basal 
medium alone. However, the growth-inhibitory strength of 3- 
methylaspartic acid was markedly diminished as the time of 
incubation was increased. The data of Table III show that 
whereas 2 ug per ml caused half-maximal inhibition in an 18- 
hour incubation, 60 ug were required for the same effect after 
23 hours. For this reason, special care was exercised in the 
control of time and temperature of incubation in all experiments 
in which reversal of inhibition was studied. Care was also taken 
to determine whether any reversing agent was not merely stimu- 
lating growth in the basal medium, thereby allowing the organ- 
isms in supplemented media to outgrow the inhibition merely by 
getting an earlier start. Beyond an incubation time of 16 hours, 
none of the supplements stimulated growth in the basal medium. 

Specificity of Aspartic Acid as Reversing Agent—Each of the 
amino acids found commonly in proteins was tested individually 
for ability to overcome the inhibition of growth caused by 3- 
methylaspartic acid. The data of Table IV show that 1-glu- 
tamic acid, L-histidine, and L-asparagine were active in this 
respect. Glycine caused some slight growth in the presence of 
the inhibitor, but L-alanine, L-serine, L-threonine, L-valine, L- 
leucine, L-isoleucine, L-methionine, L-tyrosine, L-phenylalanine, 
L-tryptophan, L-arginine, L-cysteine, L-lysine, and L-proline were 
inactive at concentrations up to 100 ug per ml. 

The type of antagonism caused by each of the active amino 
acids was studied by determination of the amount of 3-methy]- 
aspartic acid required to cause half-maximal inhibition of growth 
in the presence of varying concentrations of the amino acid 
being tested. The results of these experiments are summarized 
in TableIV. Histidine and asparagine seemed to be competitive 
antagonists, and glutamic acid seemed noncompetitive. How- 


TABLE [ 


Inhibition of growth of E. coli with 3-methylaspartic acid and its 
reversal by L-aspartic acid 


Incubated 18 hours at 37°; turbidity expressed as percentage of 
incident light transmitted in comparison with uninoculated 
medium which transmitted 100%. 








tiie eceaeaed L-Aspartic acid Light transmission 

ug/ml % 

0 0 67 

1 0 72 

2 0 85 

5 0 94 

20 0 97 

0 50 67 

20 50 68 
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TaBLeE II 
Amounts of 3-methylaspartic acid required to cause 
half-mazimal inhibition of growth in presence 
of various amounts of aspartic acid 
Inhibition index was (methylaspartic acid required) minus 
(methylaspartic acid required in the absence of aspartic acid) 


divided by aspartic acid concentration. All values determined 
for half-maximal inhibition. 

















L-Aspartic acid pi-Threo--methylaspartic} Inhibition index 
ug/ml 
0 2 
1 6 4 
3 17 5 
10 37 3.5 
100 280 2.8 
TaBLeE III 


Effect of time of incubation on amounts of 3-methylaspartic acid 
required for half-maximal inhibition of growth 














Time of incubation Aanouet sopiead or Watt cnncienal 
hrs ug/ml 
16 <2 
18 2 
20 15 
23 60 
TaBLe IV 


Amounts of 3-methylaspartic acid required for half-maximal 
inhibition of growth in presence of various amino acids 
Values in the first column are concentrations of each amino acid 
present when the inhibitory concentration of 3-methylaspartic 
acid was determined. 








Aged at? |x-Glutamic acid| 1-Histidine | 1-Asparagine | D1-3-Phenyl; 
ug/ml ug/ml ug/ml ug/ml ug/ml 
none 6 3 5 5 

3 126 
10 150 7 30 
30 172 50 
100 250 150 300 25 




















ever, the behavior of asparagine was noteworthy. When the 
incubation period was short (e.g. 17 hours), asparagine frequently 
exhibited noncompetitive antagonism. It thus differed from 
aspartic acid which always showed competitive antagonism to 
3-methylaspartic acid, regardless of the time of incubation. Glu- 
tamic acid at the lower concentrations was more powerful than 
aspartic acid as a reversing agent. This difference in potency 
was a result of the noncompetitive character of the glutamic 
acid reversal, but the more profound reasons for the differences 
in potency are not known. 

Structural Specificity of 3-Methylaspartic Acid as Inhibitor— 
The data of Table V show that of the various 3-alkylaspartic 
acids tested for inhibition of growth of E. coli strain B, 3-methy]- 
aspartic acid was outstanding in its potency. Thus, it was 250 
times more potent than 3-ethylaspartic acid, or 3,3-dimethylas- 
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partic acid. 3-Phenylaspartic acid did not inhibit growth up to 
600 wg per ml. 

Reversal of Toxicity of 3-Methylaspartic Acid with its Ana- 
logues—3-Phenylaspartic acid was able to reverse in a competitive 
fashion the toxicity of 3-methylaspartic acid (cf. Table IV). 
The phenyl analogue was, however, much less potent in this 
respect than aspartic acid. 3,3-Dimethylaspartic acid, at con- 
centrations at which the acid by itself was not inhibitory of 
growth, also overcame the toxicity of 3-methylaspartic acid, as 
shown in Table VI. 


TABLE V 
Growth inhibitory activity of various 3-alkylaspartic acids 





Amount required for half- 


Aspartic acid derivative Mmasinial tahibition 





ug/ml 
Sn doo ates BONS senor ee Mies 2 
re ae ee ce ns ee 500 
IRIs Cais lace ip) ca tnesiewtc eiemamslan’ 500 
ND errs desea rilactsnss iA Winaands vias’ > 600 








TaBLe VI 
Antagonism between 3-methylaspartic acid and 3 ,3-dimethylaspartic 
acid in growth of E. coli strain B 
Turbidity expressed as percentage of incident light transmitted 
by the culture in comparison to uninoculated media of the same 
composition; incubation time, 18 hours. 

















3-Methylaspartic acid 3,3-Dimethylaspartic acid Light transmission 
ug /ml % 
0 0 68 
5 0 90 
50 0 97 
0 400 72 
0 600 95 
50 100 91 
50 20 85 
50 10 82 
100 100 71 
100 50 73 
100 20 88 
100 10 90 

TaB.e VII 


Antagonism of toxic action of 3-methylaspartic acid with 
asparagine plus dihydroorotic acid 
Incubation time 23 hours; turbidity defined as in preceding 
tables. 








3-Methylaspartic acid L-Asparagine t-Dihydroorotic Light transmission 

ug/ml ug/ml ug/ml % 

0 0 0 66 

0 0 50 66 

0 10 0 65 
400 0 50 75 
400 10 0 92 
400 0 0 97 
400 10 50 69 
400 10 10 76 
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Complete and Noncompetitive Reversal by Asparagine plus 
Pyrimidine Precursors—The data of Table VII show that aspara- 
gine plus dihydroorotic acid overcame completely the toxic ac- 
tion of 3-methylaspartic acid. This mixture was able to nullify 
the inhibition caused by very large amounts of the toxic agent. 
The antagonism exerted by asparagine plus dihydroorotic acid 
was noncompetitive so that after an effective concentration of 
these substances had been added to the basal medium, no prac- 
ticable amount of 3-methylaspartic acid was toxic. 

Various other precursors of pyrimidines as well as the pyrimi- 
dines themselves were tested for ability to overcome the toxicity 
of 3-methylaspartic acid. These were usually tested in the pres- 
ence of small amounts of asparagine (10 wg to 100 wg per ml). 
This was done because it was found that the pyrimidine pre- 
cursors by themselves were able to overcome less readily the 
toxic effect of 3-methylaspartic acid (cf. Table VII). The only 
pyrimidine precursor which uniformly overcame the toxicity of 
3-methylaspartic acid was dihydroorotic acid. However, ure- 
idosuccinic acid frequently was found to do so. Likewise, dihy- 
drouracil was sometimes able to do so. However, in some 
experiments these substances failed. The reasons for this var- 
iability in response are not understood. Uracil, thymine, thymi- 
dine, cytosine, orotic acid, and mixtures of these usually failed 
to reverse the toxicity of 3-methylaspartic acid, but in an occa- 
sional experiment uracil or cytosine was found effective. 

In all of the experiments with pyrimidine precursors the effect 
of increasing time of incubation on the occurrence of reversal 
was studied. Incubation times from 20 to 24 hours were best. 
With shorter incubations the reversal was not so prominent. 

As mentioned above, the presence of small amounts of aspara- 
gine enhanced the reversing effect of the pyrimidine precursors. 
The amount of asparagine used was necessarily small because if 
large amounts had been present they would by themselves have 
overcome the toxic effect. 

The noncompetitive character of the antagonism between di- 
hydroorotic acid and 3-methylaspartic acid was examined in the 
absence of asparagine. These experiments showed that with 
either 10 or 50 ug of dihydroorotic acid per ml the same amount 
(200 ug per ml) of 3-methylaspartic acid was required for half- 
maximal inhibition of growth. The antagonism was therefore 
noncompetitive. 

Failure of 3-Methylaspartic Acid to Replace Nutritional Re- 
quirement for Thymine of Thymine-requiring Organism—Because 
it was a reasonable working hypothesis that 3-methylaspartic 
acid might serve as a precursor of thymine just as aspartic acid 
is known to do for uracil (via ureidosuccinic acid, dihydroorotic 
acid, and orotic acid) the ability of 3-methylaspartic acid to 
replace the nutritional need for thymine of the EZ. colt mutant 
15T- was tested. This mutant grew in the basal medium used 
in this work only when it was supplemented with thymine. 
Half-maximal growth was obtained with 0.15 ug of thymine per 
ml. 3-Methylaspartic acid failed to cause any growth in the 
range from 0.1 to 60 wg per ml. To circumvent any toxicity 
of the methylaspartic acid especially at the higher concentra- 
tions, enough L-aspartic acid was added to overcome any toxic- 
ity. Either with or without aspartic acid, no growth was ob- 
tained, whereas when small amounts of thymine were present 
along with the aspartic acid and methylaspartic acid, growth 
occurred. 
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DISCUSSION 


The data of this paper show clearly that 3-methylaspartic 
acid is a highly potent antimetabolite of L-aspartic acid. In 
fact, it is by far the most potent antiaspartic acid described thus 
far, since under periods of short incubation it had an inhibition 
index of 4. Its toxic action was reversed competitively by 
t-aspartic acid. The effect was also reversed either competi- 
tively or noncompetitively by those amino acids (glutamic acid 
and histidine) which are known to be metabolically in direct 
contact with L-aspartic acid. For example, E. coli is known to 
convert glutamic acid to aspartic acid, and to convert histidine 
to glutamic acid. 

If one were to apply to the case of methylaspartic acid the 
deductions which have been found useful in the sulfanilamide 
versus p-aminobenzoic acid case, then one would say that 3- 
methylaspartic acid is an antimetabolite of aspartic acid directed 
primarily at its role as a substrate for the formation of py- 
rimidines via ureidosuccinic acid, dihydroorotic acid, etc. The 
analogue thus seems to be a relatively specific inhibitor of the 
formation of some of the pyrimidines which are used in the 
biosynthesis of nucleic acids and other nucleotides. 

It is of some interest that 3-methylaspartic acid does not seem 
to be an antagonist of aspartic acid in the formation of proteins. 
The concentration of inhibitor required to suppress growth is so 
small, and the amount of aspartic acid needed to overcome it is 
also so small that it is much below the amount required for the 
proteins of the cell. Thus, aspartic acid-requiring microorgan- 
isms need more aspartic acid for growth than is necessary to 
assure growth of E. coli in the presence of 3-methylaspartic acid. 
Of course, this point is suggestive but not necessarily conclusive. 

The observation that 3-methylaspartic acid seems to be able 
to interfere in the de novo synthesis of pyrimidines by impeding 
the synthesis of ureidosuccinic acid and dihydroorotic acid may 
be of importance in the physiological control of metabolic events 
such as growth. The methylaspartic acid is a natural metabo- 
lite, and not just a synthetic organic chemical. It has been 
isolated from bacteria and, although not yet from E. coli, there 
is already chromatographic evidence to indicate its presence in 
that species. The working hypothesis with which this study 
began was that 3-methylaspartic acid might provide the organ- 
ism with an independent route for the formation of thymine or 
thymidylic acid. At the present time thymidylic acid is known 
to be formed from deoxyuridylic acid by addition of a methyl 
group. Some seem to believe that this is the only method. If 
instead of ureidosuccinic acid from aspartic acid one were to 
start with 3-methylureidosuccinic acid, from 3-methylaspartic 
acid one could envision a pathway directly to thymine (or its 
deoxyribonucleotide). This would be a pathway dependent on 
vitamin By. because the biosynthesis of 3-methylaspartic acid 
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is dependent on the coenzyme which contains this vitamin (1). 
The connection between thymine and vitamin B,: has for a 
long time been suggested by the results of nutritional experi- 
ments. With 3-methylaspartic acid acting as a powerful an- 
tagonist of ureidosuccinate formation, and yet serving as a 
direct precursor of thymine, an elegant mechanism would be 
available to the cell for favoring the formation of thymine de- 
rivatives at the expense of uracil derivatives. This may prove 
to be one of the mechanisms for the control of growth. It will 
be of much interest to search for direct evidence of this in the 
future. 


SUMMARY 


3-Methylaspartic acid was a powerful inhibitor of the growth 
of Escherichia coli strain B. The inhibition was reversed com- 
petitively and completely by L-aspartic acid. Those amino 
acids which readily yield aspartic acid (asparagine, histidine, 
glutamic acid), also reversed the toxic action. All other com- 
mon amino acids did not overcome the toxic action of 3-methyl- 
aspartic acid. The inhibition of growth caused by 3-methy]l- 
aspartic acid was completely overcome in a noncompetitive 
fashion by asparagine plus pyrimidine precursors such as di- 
hydroorotic acid. These facts suggested that the naturally 
occurring 3-methylaspartic acid might act as an antimetabolite 
of aspartic acid when the latter was serving as a pyrimidine 
precursor. 3-Methylaspartic acid was the most potent anti- 
metabolite of aspartic acid encountered thus far. It gave half- 
maximal inhibition of growth at about 2 wg per ml under the 
conditions used. If 3-methylaspartic acid serves as a precursor 
of thymine, and at the same time acts to inhibit pyrimidine 
synthesis from aspartic acid, a specific and differential mecha- 
nism for the control of pyrimidine biosynthesis would be avail- 


able in the growing cell. This possibility was discussed. 
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Enzymatic Synthesis of Deoxyribonucleic Acid 
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The deoxyribonucleic acid-synthesizing enzyme (polymerase) 
purified from Escherichia coli catalyzes the extensive formation 
of deoxyribonucleic acid when the triphosphates of the four de- 
oxyribonucleosides commonly found in deoxyribonucleic acid are 
incubated with primer deoxyribonucleic acid (1). In the absence 
of one, two, or three of the deoxyribonucleoside triphosphates, a 
very slight reaction occurs which represents the addition of only 
one or a few deoxyribonucleotide residues to the deoxyribo- 
nucleoside end of a deoxyribonucleic acid primer molecule (2). 
Both reactions occur without lag and both are detectable only 
in the presence of added deoxyribonucleic acid. 

This report describes a polymerization reaction in the absence 
of primer deoxyribonucleic acid catalyzed by the same enzyme 
preparation. When the four deoxyribonucleoside triphosphates 
are incubated with the enzyme but without any added deoxy- 
ribonucleic acid, a long lag period with no detectable reaction is 
observed, after which there occurs a rapid synthesis of a polymer 
which contains only deoxyadenylate and deoxythymidylate. 
The synthesis of this polymer does not require deoxycytidine 
triphosphate or deoxyguanosine triphosphate and proceeds in the 
same manner in their absence. The polymer contains deoxy- 
adenylate and deoxythymidylate in equal proportions and in al- 
ternating sequence. As judged by viscometric, sedimentation, 
and spectrophotometric studies, it is a rigid, double-stranded 
macromolecule like deoxyribonucleic acid. When this copolymer 
of deoxyadenylate and deoxythymidylate is used as a primer in 
the enzymatic reaction with deoxyadenosine triphosphate and 
deoxythymidine triphosphate, there is a prompt and extensive 
synthesis of an identical copolymer. Earlier references to these 
studies have been reported from this laboratory (3, 4). 


EXPERIMENTAL PROCEDURE 
Materials 
The enzyme used to synthesize d-AT copolymer’ was the 
polymerase, Fraction VII, which was purified about 2000-fold 


* This investigation was supported by research grants from the 
National Institutes of Health of the United States Public Health 
Service and the National Science Foundation. 

t Some of this work was done in Saint Louis during the tenure 
of a John Simon Guggenheim Memorial Fellowship, 1957-58, 
Present address, University of California, Berkeley, California. 

t Life Insurance Medical Research Fund Postdoctoral Fellow. 

§ This work was done during the tenure of an Advanced Re- 
search Fellowship of the American Heart Association. 

1 The abbreviation used is: d-AT copolymer, copolymer of de- 
oxyadenylate and deoxythymidylate. 


from Escherichia coli (1). Calf spleen phosphodiesterase was 
prepared according to Hilmoe and Heppel (5) and micrococcal 
DNase according to Cunningham et al. (6). Purified human 
semen phosphomonoesterase was kindly provided by Dr. L. A, 
Heppel. Unlabeled deoxyribonucleoside triphosphates were syn- 
thesized by the method of Smith and Khorana (7), P*-labeled 
deoxyribonucleoside triphosphates were prepared as previously 
described (1). Calf thymus DNA was isolated by the method 
of Kay et al. (8). 


Methods 


d-AT copolymer was synthesized either without primer (de 
novo) or with d-AT copolymer as primer. The reaction mix- 
tures contained 0.3 umole of dATP, 0.3 umole of dTTP, 6 umoles 
of MgCle, 60 umoles of potassium phosphate buffer at pH 7.4, 
and 2 units of Fraction VII enzyme, in 0.9 ml; when primed 
reactions were studied, 0.2 ml of a d-AT copolymer solution with 
an optical density of 2.0 at 260 my was included. 

The course of polymer synthesis was examined by three dif- 
ferent methods: (a) Viscosity measurements were carried out at 
37° in Ostwald type viscometers with shear gradients of about 
300 sec-!. Outflow times increased progressively from about 60 
seconds to 90 seconds during the formation of d-AT copolymer, 
indicating the large intrinsic viscosity of the polymer. (b) Ab- 
sorbancy decreases due to the hypochromicity of the polymer 
were measured at 260 mu; under the experimental conditions 
described here, the absorbancy dropped from about 7.0 to 5.0. 
In order to measure directly such high values it was necessary 
to reduce the length of the light path through the solution with 
a quartz insert in the cuvette, use of a blank of high absorbancy, 
or both. Measurements were made with the Beckman model 
DU spectrophotometer or the Zeiss PMQ II spectrophotometer. 
(c) Measurements of the reaction via the incorporation of radio- 
activity from P*-deoxyribonucleoside triphosphates into an acid- 
insoluble form were carried out as described previously (1). 

When the maximal viscosity or minimal absorbancy was at- 
tained, the reactions were terminated by adding NaCl to a final 
concentration of 0.2 m, and heating at 70° for 5 minutes to in- 
activate the enzymes present in the polymerase preparation. 
In some experiments the enzymes were inactivated by the addi- 
tion of cold sodium dodecyl] sulfate to give a concentration of 
1%, or by the addition of a mixture of NaCl and sodium citrate 
to give final concentrations of 0.2 m and 0.1 M, respectively. In 
all cases the resulting solutions were then dialyzed at 2° for about 
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Fic. 1. Course of synthesis of d-AT copolymer as measured by 
viscometry, spectrophotometry, and radioisotope incorporation. 
The reaction mixtures contained, in a volume of 1 ml: potassium 
phosphate buffer, pH 7.4, 60 umoles; MgCle, 6.0 umoles; dTTP, 
0.3 umole; dATP® (5.3 X 105 c.p.m. per umole), 0.32 umole; en- 


24 hours against several changes of a solution containing either 
0.2 m NaCl or the NaCl-citrate mixture. In this way, unincor- 
porated compounds of low molecular weight were removed. 
When the polymer was to be used for further enzymatic studies, 
a final dialysis against 0.02 m NaCl or KCI or distilled water was 
performed. 

Hydrolysis of the d-AT copolymer to 3’-deoxyribonucleotides 
was accomplished by the use of micrococcal DNase and spleen 
phosphodiesterase as described previously (2). The base com- 
position of the d-AT copolymer was determined by the method 
of Wyatt and Cohen (9). 

Measurements of the dependence of absorbancy on tempera- 
ture were made in a Beckman model DU spectrophotometer 
equipped with thermospacers.? Water from a constant tempera- 
ture bath was circulated through the thermospacers, and the 
temperature of the reservoir bath was raised discontinuously by 
5° every 5 minutes. Temperature readings were made with a 
thermometer placed in the air space of the cell compartment. 
At periodic intervals, the temperature of the air space was com- 
pared with that of the blank solution and appropriate corrections 
were made. The quartz cuvettes were covered with loosely fit- 
ting lids in order to reduce evaporation. No corrections were 
made for expansion of the liquid at the higher temperatures. 
The solution contained 0.2 m NaCl and 0.1 m sodium citrate. 
Other denaturation studies were performed by heating solutions 
in tightly stoppered tubes and then cooling them rapidly to room 
temperature for different physicochemical measurements. 

Ultracentrifuge measurements were made with a model E 
ultracentrifuge equipped with an ultraviolet light absorption op- 
tical system. Patterns were recorded on Commercial film and 


* The authors would like to thank Dr. C. A. Dekker for the 
measurement of the melting point curves. 


hours 


zyme, about 3 units. No DNA was present. Absorbancy was 
measured in the Zeiss PMQ II spectrophotometer with a light 
path reduced to 2.99 mm and a blank the absorption of which at 
260 my was 0.46. All reactions were carried out at 37°. 


were converted into plots of concentration versus distance by 
the use of the Spinco model R analytrol equipped with a micro- 
analyzer attachment. Sedimentation coefficients were calcu- 
lated from these plots according to the method of Schumaker 
and Schachman (10). The fractional amount of nonsediment- 
ing material in a given sample was readily determined from the 
analytrol tracings by measuring the pen travel in the region be- 
hind the moving boundary as compared to the initial value. 


RESULTS 
Unprimed Synthesis of d-AT Copolymer 


Time Course of Unprimed Synthesis—The course of synthesis 
of the d-AT copolymer in the absence of added primer has been 
studied by viscometry, spectrophotometry, and radioisotope in- 
corporation, as described under “Methods” (Fig. 1). Each of 
these techniques shows first a lag period, then a rapid synthesis 
of d-AT copolymer until 60 to 80% of the deoxyribonucleoside 
triphosphates have been utilized, and finally a period during 
which the d-AT polymer becomes degraded by contaminating 
nucleases to nonviscous, acid-soluble products. 

In separate experiments under standard conditions the dura- 
tion of the lag period has varied from about 2 to 5 hours. Some 
factors capable of affecting the length of the lag have been recog- 
nized. Increasing the enzyme concentration shortens the lag 
period. With 3, 6, and 12 units of enzyme per ml of reaction 
mixture in one experiment, the length of the lag period was 9, 
5.5, and 4.5 hours, respectively. Fig. 4 illustrates a similar ex- 
periment. Increasing the ionic strength lengthens the lag period. 
The addition of 0.05 m NaCl increased the lag by more than 4.5 
hours. 

Requirements for Unprimed Synthesis—The synthesis of d-AT 









TABLE I 
Requirements for de novo synthesis of d-AT copolymer 


In both experiments, the reaction was followed by viscometry. 
The complete system contained, in 0.9 ml, 0.3 wmole of dATP, 
0.3 wmole of dTTP, 6 wmoles of MgCle, 60 uwmoles of potassium 
phosphate buffer at pH 7.4, and 2 units of Fraction VII enzyme. 
The symbol >9, for example, indicates that no significant change 
in viscosity was observed during the 9 hours that the reaction was 
followed. 








Experiment No. Conditions Lag period 
hours 
1 Complete system 2 
Enzyme heated* >9 
dATP omitted >12 
dTTP omitted >12 
2 Complete system 4 
MgCl. omitted >14 
dCTP and dGTP in place of >10 
dATP and dTTP 

Complete system plus 14 units 4 

of heated enzyme* 
Preincubated enzymet + 











* The enzyme had been heated for 5 minutes at 77°. 

t Two units of Fraction VII polymerase were preincubated for 
24 hours at 37° in the reaction mixture lacking dATP and dTTP. 
This was followed by the addition of 0.3 umole of dATP and 0.3 
umole of dTTP, and viscosity measurements were then initiated. 





+0.1 | | 








0.0 oo 





1 
2 





4 
| 





77 
o 
& 
| 





Primed 
Unprimed 








AOD. 260 m 
o 
wR 


9° 
Dn 











ma Sa VY 






































60 80 100 120 140 160 
Time in minutes 


20 40 


Fig. 2. Comparison of primed versus unprimed synthesis of 
d-AT copolymer. The reaction mixtures contained in 0.305 ml, 
20 uwmoles of potassium phosphate buffer at pH 7.4, 2 umoles of 
MgCl:, 30 mumoles each of dATP and dTTP, and 1.5 units of 
polymerase, Fraction VII. The primed reaction contained in ad- 
dition 0.05 ml of a solution of d-AT copolymer with an optical 
density at 260 my of 2.32. Absorbancy measurements were made 
at 37° in the Zeiss PMQ II spectrophotometer with a blank the 
absorption of which at 260 my» was 1.05. 
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copolymer de novo depends on the presence of MgCl, native 


polymerase, dATP, and dTTP (Table I). When dGTP and 
dCTP were used in place of dATP and dTTP, no d-CG counter. 
part of the d-AT copolymer was observed (Experiment 2, Table 
I). When all of the triphosphates, dATP, dTTP, dCP® PP, 
and dGP® PP, were present in equimolar amounts during the 
unprimed synthesis of d-AT copolymer, no significant amount 
(less than 0.02%) of the added dCP® PP or dGP® PP was incor- 
porated although more than 50% of the dTTP and dATP had 
been converted to an acid-insoluble product. 

Since polymerase is routinely treated with pancreatic DNase 
during its purification (1), DNA would not be expected to con- 
taminate the enzyme. Nevertheless, a test was made for the 
possibility that the enzyme preparation contains limiting 
amounts of some contaminating DNA which is required to prime 
the synthesis of d-AT copolymer. Enzyme inactivated by heat- 
ing for 5 minutes at 77° was added in 7 times the usual amount 
in addition to the untreated enzyme. The lag period was not 
shortened (Experiment 2, Table I). In addition, when the en- 
zyme was preincubated at 37° for 24 hours so as to permit hy- 
drolysis of any DNA by the nucleases present, and then added 
to the dATP and dTTP, the length of the lag period remained 
unchanged (Experiment 2, Table I). These data suggest that 
the enzyme preparation contributes only its catalytic activity 
and not any primer for the synthesis of the d-AT copolymer. 

Hydrolysis of d-AT Copolymer—The degradation of d-AT co- 
polymer into nonviscous, acid-soluble products has been shown 
to be due to nuclease activity in the enzyme preparation. P®- 
labeled d-AT copolymer prepared and isolated from a reaction 
mixture near the time of maximal synthesis was used as sub- 
strate for nuclease, and action on this substrate was shown by 
measuring the appearance of acid-soluble P-labeled deoxyribo- 
nucleotides. Ina DEAE-cellulose (1) fractionation, the nuclease 
was shown to be distinct from polymerase, since 53% of the poly- 
merase was recovered in a fraction which contained only 2% of 
the nuclease. d-AT copolymer is more sensitive to this nuclease 
than is enzymatically synthesized DNA; for example, in one ex- 
periment a d-AT copolymer solution lost more than 80% of its 
specific viscosity in 4 hours whereas a solution containing en- 
zymatically synthesized DNA lost only 26% during the same 
time period. 


Primed Synthesis of d-AT Copolymer 


When d-AT copolymer, prepared as described above by un- 
primed synthesis, was added to the incubation mixture contain- 
ing dATP, dTTP, MgClo, and polymerase, the lag period was 
abolished as shown in Fig. 2. With d-AT copolymer as a 
“primer” at a concentration in the incubation mixture which 
gave an absorbancy of 0.4, acid-precipitable or nondialyzable 
material equivalent to an absorbancy of 3.0 was obtained after 
30 minutes of incubation, thus representing a net synthesis of 
about 8-fold. Calf thymus DNA did not act as a primer for the 
synthesis of d-AT copolymer. 

As in the case of the unprimed synthesis of d-AT copolymer, 
neither deoxycytidylate nor deoxyguanylate was utilized in the 
primed synthesis of the polymer. Under conditions suitable for 
extensive polymerization of deoxyadenylate and deoxythymidy- 
late (Table II, Lines 2 and 3), less than 0.03% of the added dCP® 
PP or dGP® PP was incorporated (Lines 4 and 5). 

In experiments similar to those in Table II, except that all 
four triphosphates were present, less than 0.02% of labeled dCTP 
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was incorporated during a time interval when about 50% of the 
added deoxyadenylate and deoxythymidylate were converted to 
d-AT copolymer. Chromatographic analysis of the bases from 
a hydrolysate of the copolymer revealed no detectable amounts 
of cytosine or guanine (<5 % of the adenine or thymine levels). 

As described previously (2), when only a single deoxyribonu- 
cleoside triphosphate is present with DNA, MgCl, and poly- 
merase, the DNA is lengthened by one or a very few deoxyribo- 
nucleotide residues. Any one of the four deoxyribonucleoside 
triphosphates is active in this reaction. It was of interest to 
determine whether the d-AT copolymer could serve like thymus 
DNA to support such a reaction and if so whether it might be 
restricted to certain of the deoxyribonucleotide substrates. As 
observed in Lines 6 and 7 of Table II, a small but significant 
amount of either deoxyadenylate or deoxythymidylate is incor 
porated into polymer when the d-AT copolymer was present. 
The amount incorporated is similar to that reported in experi- 
ments with thymus DNA (2) of the order of one to two nucleo- 
tide residues per polymer chain of 10,000 residues (molecular 
weight of about 3 X 10°) and this incorporation is dependent 
on the presence of d-AT copolymer (Line 1, Table II). Of 
greatest interest is the observation (Lines 8 and 9, Table II) 
that there is no detectable incorporation of dCTP or dGTP. 
These results suggest, in conjunction with other interpretations 
of polymerase action (11), that the incorporation of a single de- 
oxyribonucleotide is governed by the hydrogen-bond pairing of 
adenine to thymine and guanine to cytosine; for lack of guanine 
or cytosine in the d-AT copolymer, no dCTP or dGTP, respec- 
tively, can be incorporated. 


Characterization of d-AT Copolymer 


Equivalence of Purine and Pyrimidine Content—d-AT copoly- 
mer synthesized in a primed reaction in the presence of all four 
deoxynucleoside triphosphates, as described above, contained 
equal amounts of adenine and thymine (1.05 moles of adenine 
per 1.00 mole of thymine) and no detectable amounts of guanine 
or cytosine. Thus the d-AT copolymer fulfills the requirement 
of the base-pairing explicit in the Watson-Crick double-stranded 
model for DNA (12). 

Alternating Sequence of Deoxyadenylate and Deoxythymidylate— 
The d-AT copolymer could consist of chains containing only 
deoxyadenylate and chains containing only deoxythymidylate. 
Alternatively, a chain could contain both deoxyadenylate and 
deoxythymidylate. To differentiate between these alternatives, 
the d-AT copolymer was synthesized with dAP#PP and dTPPP 
or with dAPPP and dTP”PP in a primed reaction. The result- 
ing polymer was then hydrolyzed with micrococcal DNase and 
spleen phosphodiesterase to 3’-deoxyribonucleotides. In this 
way the P® originally esterified at the 5’-carbon of the substrate 
was released in the form of the P® ester at the 3’-carbon of the 
adjacent deoxyribonucleotide (2). Experiment 1 of Table III 
shows that P*-deoxythymidylate was adjacent to deoxyadenylate 
exclusively; similarly Experiment 2 shows that P*-deoxyadenyl- 
ate was always adjacent to deoxythymidylate. Thus the d-AT 
copolymer is made up of deoxyadenylate and deoxythymidylate 
in an alternating sequence and there are few if any sequences in 
which deoxyadenylate is covalently bonded to another deoxy- 
adenylate residue or deoxythymidylate to another deoxythy- 
midylate. 

Physical Properties of d-AT Copolymer—Fig. 3 shows ultra- 
centrifuge patterns of a typical preparation of de novo-synthe- 
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TaBLeE II 


Incorporation of deoxyribonucleoside triphosphates 
into d-AT copolymer 

Reaction mixtures of 0.3 ml contained 2 wmoles of MgCl., 20 
zmoles of potassium phosphate buffer at pH 7.4, 0.1 unit of poly- 
merase Fraction VII, and 1.0 mumole of each deoxyribonucleoside 
triphosphate (indicated under ‘‘Substrates’’). The specific ac- 
tivity of the P-labeled deoxyribonucleoside triphosphates was 
9 X 10’ c.p.m. per umole. For the experiments containing a 
primer, the reaction mixture also contained 0.1 ml. of a solution 
of d-AT copolymer with an absorbancy of 2.5 at 260 mu. After 
incubation at 37° for 30 minutes, the amount of P® incorporated 
was determined as described previously (1). 























Line Primer Substrates eA cool 
pumoles 
1 | None dAP#PP or dTP#PP <0.1 
2 | d-AT copolymer | dAP®PP and dTPPP 293 
3 | d-AT copolymer | dAPPP and dTP#PP 372 
4 | d-AT copolymer | dAPPP, dTPPP, and <0.1 
dCP#Pp 
5 | d-AT copolymer | dAPPP, dTPPP, and; <0.1 
dGP#PP ? 
6 | d-AT copolymer | dAP#PP 11.0 
7 | d-AT copolymer | dTP#PP 7.8 
8 | d-AT copolymer | dCP#PP <0.1 
9 | d-AT copolymer | dGP#®PP <0.1 
TaBLeE III 


Hydrolysis of d-AT copolymer to 3'-deoxyribonucleotides 

d-AT Copolymer was hydrolyzed to 3’-deoxyribonucleotides by 
micrococcal DNase and splenic phosphodiesterase, according to 
the procedure described previously (2), until more than 96% of 
the P®* was released in the form of deoxyribonucleoside mono- 
phosphates (susceptible to semen phosphomonoesterase). The 
hydrolysates were then fractionated by electrophoresis on paper, 
and the deoxyribonucleotides were first located through the use 
of an ultraviolet lamp, then eluted. We are most grateful to 
Dr. John Josse who performed these experiments. 





Products of hydrolysis 





3’-Deoxyadenylate 3’-Deoxythymi- 


Substrates for preparation of 
pesoe dylate 


d-AT copolymer 


Experi- 
ment No. 





C.p.m. C.p.m. in C.p.m. C.p.m, in 














polymer polymer 
a of, ee r- : ee 
1 dAPPP and dTP#PP 9670 | 100 23 | <0.5 

46 | <0.5 | 8510 | 100 





2 dAP#PP and dTPPP 





sized d-AT copolymer. This particular sample had a sedimenta- 
tion coefficient of 23 S but other preparations gave lower values, 
the size of the polymer varying from one experiment to another, 
In general, the size of the polymer was related directly to the 
length of the lag period (Table IV). As cited earlier, the use of 
higher enzyme leveels rduced the lag period; such high enzyme 
levels were also observed to lead to smaller polymers. Data 
from an illustrative experiment are shown in Fig. 4. The extent 
of conversion of low molecular weight substrates to polymer was 
the same with both enzyme levels. This was demonstrated both 
by ultracentrifugal analyses for the fraction of ultraviolet-ab- 
sorbing material which did not sediment and by the decrease in 
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absorbancy of the reaction mixture due to the hypochromicity 
of the polymer. Therefore, the higher viscosity produced in the 
reaction containing the lower enzyme concentration can be at- 
tributed only to the formation of larger macromolecules and not 
to the production of greater amounts of polymer. The higher 
sedimentation coefficient obtained for the polymer made in the 





Fig. 3. Ultracentrifuge patterns of d-AT copolymer formed in 
ade novo synthesis. The first two pictures were at 6000 and 30,000 
r.p.m., respectively, and the remainder were at 2-minute intervals 
after attaining a speed of 52,640 r.p.m. The patterns as shown are 
photographic prints of the original patterns obtained with an ul- 
traviolet absorption optical system. White sections in each frame 
correspond to the nonabsorbing region of the cell, and the black 
region represents the ultraviolet light-absorbing solution. The 
concentration of d-AT copolymer was 0.0035 g per 100 ml in a solu- 
tion of 0.2m NaCl. The sedimentation coefficient calculated from 
the patterns is 23 S. 


TABLE IV 
Summary of physicochemical data for d-AT copolymer 

Summary of the physical properties of different preparations of 
d-AT copolymer made by unprimed synthesis. The length of the 
lag period is given as the time between the addition of the enzyme 
and the attainment of the maximal viscosity. Reduced viscosity 
measurements, , and sedimentation measurements were made 
on polymer preparations after the low molecular weight ultra- 
violet light-absorbing material had been removed by dialysis. 
The solvent for the physicochemical measurements was 0.2 mM 
NaCl and 0.1 m sodium citrate at pH 7. The concentration was 
0.003 to 0.004 g per 100 ml for all studies. 


Preparation | ioe | aa | nee | ee 
min (g/100 ml) | Ss x 10-6 

1 | 274 9 | 14 1.8 

. | 500 17 15 2.8 

3 | 90 27 17 4.2 

4 377 25 20 5.2 

5 760 26 28 8.8 








* In experiments with several preparations at low concentra- 
tions, it was found that the reduced viscosity was concentration- 
independent. However, studies at different shear gradients were 
not feasible because of the inadequate supply of material. The re- 
duced viscosities of samples 3 to 5 may be lower than the true in- 
trinsic viscosity at zero shear gradient. Thus, discussions of the 
data in terms of the configuration of the polymer molecules are 
premature. Such considerations must await further studies of 
polymers prepared in the absence of contaminating nucleases. 
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Fia. 4. Effect of enzyme concentration on the de novo synthesis 
of d-AT copolymer. The ordinate is the specific viscosity, n,», 
and the abscissa gives the time in minutes after adding the enzyme. 
The reaction was performed directly in the viscometer in a con- 
stant temperature water bath (+0.005°) at an average tempera- 
ture of 36.9°. In the insert are given the enzyme concentration in 
units per milliliter, the ratio A: A, of the final absorbancy of the 
solution at 260 my as compared to the initial absorbancy, the frac- 
tion in percentages of the ultraviolet-absorbing material which did 
not sediment at 60,000 r.p.m., and the sedimentation coefficients 
of the polymers formed in the reaction mixtures. 


presence of the lower of the two enzyme levels provides further 
evidence for this conclusion. 

Calculations of the molecular weight from sedimentation and 
viscosity data require some assumptions about the shape of the 
molecule in solution. However, it has been shown (13) that the 
theories for a rodlike model and a random coil with the same 
sedimentation coefficients and intrinsic viscosities give molecular 
weights which differ by only 20%. Hence, the molecular weights 
given in Table LV for different preparations are likely to be ap- 
proximately correct. For these determinations, the Scheraga- 
Mandelkern equation was used with an assumed value of B = 
2.6 X 10° (13). It is of interest to note that the physical prop- 
erties of the d-AT copolymer are similar to those of DNA pre- 
pared both from natural sources and by enzymatic synthesis 
from the four deoxyribonucleoside triphosphates. The physical 
data, particularly the high reduced viscosities, suggest that the 
macromolecules are organized as relatively stiff particles with 
effective volumes substantially greater than would be expected 
from single polynucleotide chains with freedom of rotation at 
each link in the backbone. In support of this view was the ob- 
servation that the d-AT copolymer melted sharply at 71° (Fig. 
5) with an increase of 37% in the absorbancy at 260 muy. It 
can be inferred from these results that the d-AT copolymer is a 
two-stranded structure involving hydrogen bonds between the 
adenine residues in one chain and the thymine moieties in the 
second. 

Unlike DNA, however, the melting of the d-AT copolymer 
upon heating and subsequent reformation upon cooling is com- 
pletely reversible as shown by the data in Fig. 5. These results 
are in agreement with those of Marmur and Doty (14). The 
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slight difference in melting point observed by these workers and 
that reported here may be due to the variations in ionic strength 
in the two experiments. The absence of a hysteresis for the 
d-AT copolymer as compared to DNA can be attributed, as 
Marmur and Doty suggested, to the alternation in the sequence 
of deoxyadenylate and deoxythymidylate in the chains. Upon 
cooling of the melted DNA molecules, only a fraction of the bases 
can be paired correctly to give a partial organization involving 
hydrogen bonds between the purines and pyrimidines. With 
the d-AT copolymer, however, the base pairing can be so much 
more complete as to give a molecule which is similar to the un- 
heated polymer. In this regard it is of interest to note that the 
physical properties of the original molecule are not completely 
restored. As seen in Table V, the viscosity and the sedimenta- 
tion coefficient of the d-AT copolymer after heating and recooling 
are substantially less than that of the control. This may indi- 
cate that individual chains have folded back on themselves to 
give a hydrogen-bonded structure of roughly half the original 
molecular weight. Alternatively there may have been some hy- 
drolysis of phosphodiester bonds to give smaller, doubly stranded 
molecules. Until further data are obtained, a choice between 
these two alternatives cannot be made. 


Mechanism of d-AT Copolymer Formation 


Ultracentrifugal examination of aliquots removed at various 
times during the unprimed synthesis showed the presence of two 
types of molecules: large polymers of molecular weight about 
4 X 10° and nonsedimenting material of molecular weight about 
10°. Molecules of intermediate size were not detectable. After 
removal of the nonsedimenting material by dialysis, the physical 
properties of the polymer were measured. As seen in Table VI, 
the size of the polymer molecules remains constant throughout 
the polymerization process. Even the product formed when 
only about 5% of the substrates had been converted to d-AT 
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Fic. 5. Melting of d-AT copolymer. Plotted on the abscissa is 
the relative absorbancy at 260 my at t° compared to the value at 
25°. The ordinate gives the temperature. The first heating cycle 
is indicated by open circles, and the solution after cooling in the 
stoppered Beckman cell was heated a second time, giving the data 
indicated. The absorbancy of the solution of polymer was 0.325 
at 25°. The d-AT copolymer had been prepared in a de novo syn- 
thesis and had a reduced viscosity of 30 (g per 100 ml)-! and a sedi- 
mentation coefficinet of 17 S. The solvent was 0.2 m NaCl and 
0.1 M sodium citrate. ~ 
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TABLE V 
Effect of heat treatment of d-AT copolymer 


Effect of heat treatment of d-AT copolymer. All preparations 
were heated in stoppered tubes at a concentration of 0.003 to 0.006 


g per 100 ml, and the reduced viscosity, - , and sedimentationco- 


efficient were measured immediately after rapid cooling of the 
solutions. 

















—— Heat treatment ie sition 
(g/100 ml)“ Ss 
1 None 7.5 12 
100°, 15 min, 0.2 m NaCl 2.5 9 
2 None 9.4 14 
100°, 15 min, 0.2 m NaCl 4.2 10 
3 None 20 
100°, 2 min, 0.2 m NaCl, 0.1 m so- 10 
dium citrate 
4 None 24 21 
81°, 5 min, 0.2 m NaCl, 0.1 m so- 14 16 
dium citrate 
79°, 2 min, 0.2 m NaCl, 0.1 m so- 13 15 
dium citrate 





TaBLeE VI 
Relationship between extent of reaction and size of product 

Relationship between size of d-AT copolymer and extent of de 
novo synthesis. Reaction mixture, 6 ml, was incubated directly 
in viscometers; at selected times after the viscosity of the solu- 
tion had been measured, aliquots were removed and the enzymatic 
action terminated by the addition of NaCl-citrate solution to give 
a concentration of 0.2 mM NaCl-0.1 m sodium citrate. Absorbancy 
measurements of these samples as compared to the original gave a 
measure of the extent of the reaction (hypochromicity). The 


samples were then dialyzed, and the reduced viscosity, re , in 


(g/100 ml)~! and sedimentation coefficient were measured in 0.2 
M NaCl and 0.1 M sodium citrate. 




















Extent of reaction Properties of product 
Experiment 
Viscosity |Hypochromicity Sedimanaction be tees Po 
% S (g/100 ml)- 

} 8 5 29 
37 46 28 26 
100 | 100 27 24 
2 3 CU| 8 19 23 
oF pt same 19 25 
100 | 100 20 26 











copolymer had similar physical properties to those found when 
the bulk of the substrate had been transformed into polymer. 


DISCUSSION 


In previous studies of DNA synthesis, no reaction was detect- 
able in the absence of a primer. Now for the first time a poly- 
deoxyribonucleotide, d-AT copolymer, has been synthesized de 
novo. No primer has been added and apparently no endogenous 
primer contaminates the enzyme preparation. Whereas the 
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primed synthesis of DNA proceeds immediately without any 
extensive lag period, the de novo synthesis of d-AT copolymer 
involves a lag of several hours during which the first d-AT co- 
polymer molecules presumably are elaborated. These first mole- 
cules then serve as primer for further synthesis, and indeed d-AT 
copolymer added as primer from the very start of the reaction 
eliminates the lag period. 

Even though d-AT copolymer arises spontaneously without 
direction from a primer, it is nevertheless a specific molecule 
with the properties of a double-stranded, hydrogen-bonded 
structure: 

1. The content of deoxyadenylate equals that of deoxythymidy- 
late, and the deoxyadenylate and deoxythymidylate occur in 
strictly alternating sequence. In a purely random process the 
deoxyadenylate or deoxythymidylate end of a growing chain 
would react with dATP or dTTP equally often, so that only 
one-half of all linkages would be alternating. The mechanism 
of achieving perfect alternation remains unknown. 

2. Deoxycytidylate and deoxyguanylate are excluded from the 
d-AT copolymer, even when all four deoxyribonucleoside triphos- 
phates, dATP, dCTP, dGTP, and dTTP, are present during de 
novo synthesis. Current studies show that dCTP and dGTP 
are not destroyed during the course of d-AT copolymer synthesis 
and so the basis for the absence of a d-GC polymer analogous 
to the d-AT must be attributed to other factors. 

3. The dimensions of d-AT copolymer are those of double- 
stranded DNA. The reduced viscosity, sedimentation coeffi- 
cient, hypochromicity, and melting behavior indicate that the 
d-AT copolymer is in the form of a stiff, elongated particles with 
a high degree of intramolecular organization and a molecular 
weight of several million. 

The mechanism by which the first d-AT chains are assembled 
during the lag period remains to be elucidated. It seems clear 
that essentially all the measurements reported here cover the 
course of the autocatalytic development of the polymer and that 
this phase is simply a replication process. Examination of the 
size of the polymer when only 5% of the substrates had been 
converted showed it to be the same as when the reaction was 
much more extensive. Thus although excess substrate mole- 
cules were available during much of the period of synthesis and 
presumably could have been used for lengthening of already 
formed polymer molecules, continuous growth was not detected. 
Instead, the available substrate molecules were utilized in the 
replicate formation of additional macromolecules. Although our 
current conceptions of replication based on the adenine-thymine 
pairing of the Watson and Crick model seem adequate for ex- 
plaining this part of the reaction, the most puzzling and intriguing 
aspect of the problem is the de novo synthesis of the first d-AT 
chains during the lag period. The fact that increasing the en- 
zyme concentration reduces the lag insures that the enzyme 
functions during this period. Perhaps the best clues to the na- 
ture of this phase of the reaction lie in the exact alternation of 
deoxyadenylate and deoxythymidylate residues in the chain and 
in the complete exclusion of deoxycytidylate and deoxyguanylate. 

Although it is premature to speculate about the precise reac- 
tion mechanism, it should be noted that there are about 10% 
substrate molecules in the reaction mixture and their incorpora- 
tion into polymer has never been observed to exceed 90%. 
Therefore 10” molecules may have participated in abortive at- 
tempts at chain formation; these remnants may have been de- 
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graded to monodeoxyribonucleotides by diesterase activities in 
the enzyme preparation or may even have remained as oligode- 
oxyribonucleotides in the reaction mixture. The point is that a 
very large number of different oligodeoxyribonucleotides may 
be assembled in a variety of ways until one of them reaches q 
size suitable for replication and is then reproduced at an ex- 
tremely rapid rate. With this in mind, it must be assumed that 
our experimental conditions consistently favor the development 
of a d-AT chain; perhaps other conditions might be found to 
favor a polymer with a chain of deoxyadenylate residues hydro- 
gen-bonded to a polydeoxythymidylate strand or even analogous 
polymers of deoxyguanylate and deoxycytidylate. 

Although the natural occurrence of d-AT copolymer is uncer- 
tain, it would be premature to dismiss the possibility that it is 
synthesized in nature under special circumstances. An ex- 
tremely long lag period is required before the autocatalytic 
phase of polymer formation becomes detectable, but the process 
from that point on is extremely rapid. In fact current studies 
show that the replication of the d-AT copolymer is several times 
faster than that of DNA. Thus a sample of enzymatically syn- 
thesized DNA, in which d-AT copolymer represents only a trace, 
will after a few cycles of replication contain the d-AT copolymer 
as a substantial fraction of the total. Aside from any direct 
biological implications, studies of the de novo synthesis of the 
d-AT copolymer may furnish useful information about the me- 
chanism of how DNA itself is or was synthesized in the absence 
of a primer. 


SUMMARY 


1. In the absence of any added primer and after a 2 to 5 hour 
lag period, the deoxyribonucleic acid-synthesizing enzyme cat- 
alyzes the polymerization of deoxyadenosine triphosphate and 
deoxythymidine triphosphate to a copolymer of deoxyadenylate 
and deoxythymidylate (d-AT copolymer). 

2. Isolated d-AT copolymer primes the enzymatic synthesis of 
an identical polymer without any lag. 

3. The polymer contains these nucleotides in equal amounts 
and in perfectly alternating sequence. 

4. Viscosity, sedimentation, and spectrophotometric measure- 
ments indicate that the d-AT copolymer, like deoxyribonucleic 
acid, is a double-stranded structure with a molecular weight of 
several million. 


5. The course of polymer formation was measured by viscosity | 


increase, absorbancy decrease, and incorporation of P*®-labeled 
substrates into an acid-insoluble form. Results from these three 
methods were identical and show an autocatalytic pattern of 
development. Sedimentation studies reveal no distinction be- 
tween molecules formed early and late in the reaction. These 
findings suggest that the observable reaction is a rapid replication 
process after an initial, de novo phase during which the first few 
polymer molecules are synthesized. 
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The reactivity of the three phosphate groups in adenosine 
triphosphate and the two in adenosine diphosphate differ con- 
siderably in various enzymic reactions. Evidence implicating 
(a) the y-P of adenosine triphosphate as the site of attack by 
nucleophilic reagents in kinase and hydrolytic reactions, i.e. 
phosphory] transfer reactions, and (b) the a-P as the site in adenyl 
transfer reactions has been reviewed previously (1); the 6-P is 
the site of attack only in rare cases. 

A study of the nuclear magnetic resonance spectra of the phos- 
phorus nuclei in ADP and ATP under various conditions has 
been undertaken in an attempt to reveal a correlation with the 
factors which affect the reactivity of the different Patoms. The 
present investigation deals with the effect of pH on the chemical 
shifts. It has been found that by applying a modification of the 
usual broadline techniques, spectra quite satisfactory for the 
measurement of chemical shifts could be obtained with 0.1 m 
solutions of the phosphates. For resolution of spin-spin inter- 
actions between the various phosphorus nuclei in ATP, 0.5 m 
solutions were required and the conventional high resolution 
technique was used. 


EXPERIMENTAL PROCEDURE 


Preparation of Samples—The crystalline disodium salt of ATP 
and the sodium salt of ADP were obtained from the Sigma Chem- 
ical Company, St. Louis. For the high resolution spectrum, the 
pH of the disodium salt was adjusted to 10.0 by the addition of 
tetramethylammonium hydroxide. The final concentration of 
ATP was 0.5 m and 0.5 ml was placed in a thin-walled Pyrex tube, 
5.0 mm outside diameter. For the chemical shift determina- 
tions, the sodium was removed by treating the nucleotides with 
Dowex 50 in its hydrogen form at 0°. The concentration of 
ADP and ATP, respectively, was determined by analysis for 
10-minute hydrolyzable P and P; with the Fiske and SubbaRow 
method (2); in both cases, there was no significant amount of 
P;. The desired pH was obtained by the addition of (CHs)s 
NOH and enough (CHs),Cl was added to each sample to bring 
the final ionic strength to 1.0. It was found necessary to add 
0.001 m ethylenediaminetetraacetate to counteract the effect of 
a trace impurity of metal ion which resulted from the resin treat- 
ment of ATP. The pH was determined on a Beckman Zero- 
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matic pH meter. Each sample, 2.5 ml of ATP (0.09 m) or ADP 
(0.10 m), was placed in a Pyrex test tube (15 x 125 mm) and an 
external standard, 85% phosphoric acid in a 1-mm capillary tube, 
was placed in the center of the tube. 

Recording of Spectra—The apparatus consisted of the standard 
Varian 4302 dual purpose NMR spectrometer, operated at 24.288 
Mc per second in conjunction with a Varian V-4012A-SM high 
resolution magnet. The accessory equipment, supplied by Var- 
ian Associates, included the super stabilizer, slow sweep, and, 
for the broadline spectra, the V-4250A sweep and V-4270A out- 
put control units. 

For measurements of 0.09 m ATP solutions and 0.1 m ADP 
solutions, the opposed sideband technique! permitted the use of 
a long time constant (3 seconds) with minimal baseline drift, 
and simultaneous calibration of the sweep (approximately 94 
¢.p.s. per minute). The basic idea involved is that the modula- 
tion of a resonance line at a frequency greater than the line 
width gives rise to sidebands at magnetic field displacements of 
+27rnv,,/y about the original line, where v, is the modulation 
frequency n is an integer, and y is the magnetogyric ratio. One 
of the absorption curves will appear above the baseline, and the 
other below. The absorption-mode line shape »v is given by: 


YH mMoT2/wm 
1 + (Aw + wm)?T? + YHYA nT 17 2/on? 





v=t 


where H,, is the amplitude of the small oscillating magnetic 
field, Aw = 2xv — yHo, and the other symbols have the usual 
meaning (6). The equation for the line shape v holds only when 
vH, and yH mK w,; the experimental values of these parameters 
met this requirement since they were approximately 40, 0.09, 
and 2500 seconds, respectively. The field inhomogeneity 
across the 15-mm sample was approximately 11 milligauss. 
Fortuitously, the shifts encountered in the ATP and ADP 
samples, referred to 85% HsPOx,, were less than 800 c.p.s., which 
is twice the highest modulation frequency readily available from 
the V-4250A sweep unit and is the separation between the op- 
posed satellites, so that the instrument could be used as supplied. 
Once the transition has been made to lock-in detection, the time 
constant can be increased considerably and if one chooses to scan 


1 We are indebted to Roy Johnson of Varian Associates, Palo 
Alto, California, for a discussion of this technique. Also of value 
were the Laboratory Notes, Part II, “Special Operating Tech- 
niques’? issued informally by the Varian Associates. Further 
information relevant to this technique may be found in the work 
of Anderson (3), Halbach (4), and Primas (5). 
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Fia. 1. High resolution phosphorus magnetic resonance spectrum of the tetramethylammonium salt of ATP (0.5 m) at pH 
10.0. The splitting due to spin-spin interaction is 19.3 + 0.5 c.p.s. for all the peaks. The two small peaks following the y 
doublet are artifacts due to baseline instability and were not observed in subsequent experiments. 


slowly enough and the apparatus is sufficiently stable, chemical 
shifts on 0.01-m phosphate samples could probably be measured. 

Standard high resolution technique was employed in obtain- 
ing the spectra of 0.5 m samples in thin walled 5 mm o.d. Pyrex 
tubes. Maximum homogeneity was sought, the receiver was 
operated at maximum gain and time constant, and the “satura- 
tion” value of H, was used. 


RESULTS 


The high resolution spectrum of ATP‘ shown in Fig. 1 un 
equivocally identifies each phosphorus by the mode of splitting 
due to spin-spin interaction. At the highest field, the 6-P reso- 
nance peak is split into three peaks by interaction with the a- 
and y-P nuclei; the intensity ratios as anticipated are 1:2:1. 
At the lowest field, the y-P is split into a doublet of 1:1 intensity 
by interaction with the B-P. The a-P resonance peak, at an 
intermediate field, is not only split into a doublet by interaction 
with the B-P but suggests a more complex pattern presumably 
due to distant interactions with the two protons of the C-5 of 
ribose; the expected triplet in each peak of the doublet may be 
resolvable at higher resolution. The splitting due to the spin- 
spin interaction is 19.3 + 0.5 c.p.s. in the triplet of the 8-P as 
well as in the a- and y-P doublets. The equality, within ex- 
perimental error, of the spin-spin splittings due to the a-P-8-P 
interaction and the 8-P-y-P interaction, found in the respective 
doublets and the triplet indicate the equivalence of the a- and 
y-P nuclei with respect to the B-P. The value for the spin- 
coupling constant for inorganic polyphosphates has been reported 
as 17 e.p.s. (7). 

For the determination of chemical shifts? of each P in ATP 
and ADP without resolution of the spin-spin splittings, lower 
resolution and, consequently, lower concentrations, sufficed. 
The spectra of 0.09 m ATP at pH 3.60 and 8.75 are shown in 
Figs. 2 and 3, respectively. At the low pH, the chemical shifts 
for the a- and y-P resonance peaks coincide and the area under 
the (a + y)-P peak is approximately twice the area under the 
B-P peak. At the higher pH, the a- and y-P peaks separate and 
the y-P appears at a lower value of the magnetic field. The 
chemical shift of the 6-P resonance ranges from +22.1 to +23.1 
p.p.m. over the whole pH range with 85% phosphoric acid as 
the reference compound; the magnitude of this shift is in agree- 


* The chemical shift data in this paper is given in terms of 5, a 
dimensionless constant defined by 
H sample — H reference 


7 H reference 





X 10° 


and the reference is 85% phosphoric acid. 
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Fig. 2. The phosphorus magnetic resonance absorption spec- 
trum of the tetramethylammonium salt of ATP (0.09 m) at pH 
3.60, « = 1.0, with 85% phosphoric acid as reference. 
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Fic. 3. The phosphorus magnetic resonance absorption spec- 
trum of ATP at pH 8.75; all conditions are the same as Fig. 2. 


ment with the value found for the middle P’s of short chain in- 
organic polyphosphates (7). In the ADP spectra, the a-P and 
B-P of ADP coincide at low values of pH and at pH values above 
6, the 8 peak is shifted toward lower field. As shown in Fig. 4, 
the resonance peaks of the terminal phosphorus of ADP and of 
ATP begin to separate from the a-P peaks with the formation 
of the ADP*- ion and the ATP*- ion, respectively. The change 
in chemical shift corresponds to the titration curve of the last 
ionizable hydrogen. In fact, the displacement of the ADP and 
ATP curves of approximately 0.2 pH unit agrees very well with 
the difference in the pK values of ADP and of ATP determined 
by Alberty et al. (8). The chemical shifts of each P in ADP 
and ATP at the various pH values measured are summarized 
in Tables I and II. It should be noted that the chemical shifts 
of the a-P of ADP and of ATP are identical and are unaffected 
by pH and that the chemical shift of the B-P of ATP changes 
by approximately 1 p.p.m. over the pH range measured. 
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Fic. 4. The chemical shifts of the various phosphorus nuclei of 
ADP and ATP plotted as a function of pH. (The chemical shift 
of the y-P of ATP at pH 6.15, where the a- and y-P peaks are not 
yet resolved, is calculated on the assumption of the constancy of 
the chemical shift of a-P (cf. Table I)). 


TABLE I 
Chemical shifts of phosphorus in ATP 
Chemical shifts of a-, B-, and y-P in tetramethylammonium 
salt of ATP (0.09 m) at various pH values with 85% phosphoric 
acid as reference. The ionic strength was adjusted to 1.0 with 
tetramethylammonium chloride. Each value of the chemical 
shift, 5, is the average of four spectra. 
l 




















5 (y-P) 6 (a-P & (8-P 
pH nan. Any feat 
1.70 +11.09 + .10 423.11 + .15 
3.60 +10.97 + .08 +22.79 + .09 
6.15 +10.51 + .17 422.74 + .20 
7.00 | +8.06 + .10 | +11.15 + .06 | +22.53 + .11 
7.15 | +7.75 & .07 | +11.18 + .13 | +22.42 + .07 
8.75 | +6.33 + .08 +11.13 + .12 | +422.12 + .11 

TABLeE II 


Chemical shifts of phosphorus in ADP 


Chemical shifts of a- and 6-P in tetramethylammonium salt of 


ADP (0.1 M) at various pH values under the same conditions as 
Table I. 

















6 (8-P) é (a-P) 
pH p.p.m. ppm. 
2.20 +10.96 + .21 
4.50 +11.02 + .08 
6.15 +9.33 + .16 +10.73 + .24 
6.60 +8.51 + .23 +10.99 + .26 
6.90 +8.11 + .1l1 +11.00 + .19 

DISCUSSION 


The chemical shift is a function of the electronic environment 
of a given nucleus. Extensive investigations of proton resonance 
absorptions of different organic compounds have established that 


Phosphorus Magnetic Resonance Spectra of ADP and ATP. I 


Vol. 235, No. 11 


chemically equivalent hydrogens, e.g. all methyl hydrogens, show 
comparable chemical shifts in different compounds. Although 
phosphorus compounds have not been investigated as extensively, 
again phosphorus nuclei with similar local environments reveal 
resonance absorption peaks at comparable magnetic fields, i.e, 
have similar chemical shifts (9). 

The three phosphorus nuclei in ATP are, of course, grossly 
similar to one another in electronic environment since each is 
bonded directly to four oxygens and any differences are due to 
more remote effects and are, therefore, rather small in magnitude. 
The nuclear magnetic resonance sensitivity of phosphorus is 
about 7% that of protons because phosphorus has a smaller mag- 
netic moment than the proton. In spite of these unfavorable 
conditions, it has been possible to resolve the various phosphorus 
nuclei of ATP and ADP in 0.1 m solutions and measure the chem- 
ical shifts within 0.2 p.p.m. by the methods outlined in this paper, 

The screening of a nucleus which causes the chemical shift is 
in the simplest case of an isolated atom due solely to the diamag- 
netic shielding of the surrounding electrons and such shielding 
is proportional to the electron density. In molecules, the situa- 
tion is more complex since the electronic environment under the 
influence of other atoms may no longer be spherically symmetrical 
and other contributions to the total screening may overshadow 
the contribution of the diamagnetic shielding. In such cases, 
the electron density may not be the chief parameter of the elec- 
tronic environment which determines the magnitude of the chem- 
ical shift (10). For phosphorus compounds (9), the chemical 
shifts have not yet been correlated in any simple way with the 
electronegativity of the atoms bonded to the phosphorus nor 
with bond type. 

It is apparent, nevertheless, from the chemical shift data pre- 
sented in this study that the a-P and the y-P of ATP have similar 
electronic environments in all ionic species except for ATP*. 
For the latter species, the resonance absorption of the y-P shifts 
toward lower field to the extent of approximately 5 p.p.m. In 
all ionic species, the chemical shift of the B-P of ATP differs con- 
siderably from the a- and y-P. The differentiation of the 6-P 
from the a- and y-P of ATP shown in the spectra correlates well 
with its difference in reactivity in enzymic reactions (1). Other 
factors than the electronic environment of each P in ATP ions 
must be invoked to explain the difference in reactivity between 
the a- and y-P of ATP with specific enzymes which transfer the 
adenyl or the phosphoryl! group, respectively. 

The chemical shifts of the a- and B-P of ADP coincide with 
the a- and y-P of ATP, respectively. Again, factors other than 
the electronic environment of each P in the free ions are required 
to explain the difference in reactivity of the analogous phosphate 
groups in ADP and ATP in enzymic reactions. Investigations 
are now in progress to study the effect of metal ion interactions 
with ADP and ATP in an attempt to obtain differential spectral 
effects between the a- and y-P of ATP and between ADP and 
ATP. 


SUMMARY 


The phosphorus magnetic resonance spectra of adenosine tri- 
phosphate has been examined at high resolution and the a-, B-, 
and y-P peaks unequivocally identified. The chemical shifts of 
each phosphorus in adenosine diphosphate and adenosine triphos- 
phate have been determined as.a function of pH. It has been 
found that the resonance absorption of the B-P of adenosine tri- 
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phosphate appears at the highest magnetic field, +23 p.p.m. 
(relative to 85% phosphoric acid) at pH 1.70 and +22 p.p.m. at 
pH 8.75. The peak of a-P remains constant at +11 p.p.m. over 
the whole pH range and the absorption peak of the -P coincides 
with the a peak until the last hydrogen ionizes whereupon the 
shift is displaced toward lower magnetic fields in accordance with 
the titration curve. The pattern is similar for adenosine diphos- 
phate, the a-P of adenosine diphosphate coincides with the a-P 
of adenosine triphosphate and the 8-P of adenosine diphosphate 
behaves like the y-P of adenosine triphosphate. The difference 
in the shift of the absorption peak of the B-P of adenosine triphos- 
phate compared to the a- and y-P correlates with the difference 
of reactivity of the B-P in enzymic reactions. 
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Although pancreatic deoxyribonuclease and snake venom 
phosphodiesterase quantitatively degrade many deoxyribonucleic 
acids to mononucleotides, the DNA of coliphages T2, T4, and T6 
is resistant to complete hydrolysis. As shown by Sinsheimer (1), 
Volkin (2), Jesaitis (3), and Lichtenstein and Cohen (4) the 
hydroxymethylcytosine, which replaces cytosine in these viruses 
(5), is recovered in only 20 to 30% yield as the mononucleotide. 
The remainder, together with smaller amounts of the other 
three deoxyribonucleotides, is found in an enzyme-resistant 
polynucleotide “core.” Some of the HMC! of these coliphages is 
known to be substituted with glucose and the incomplete degra- 
dation by the combined action of pancreatic DNase and snake 
venom phosphodiesterase has been attributed to the failure of 
the diesterase to attack most of the internucleotide linkages in 
which glucosylated HMC is involved (1-4). Cohen (6) has re- 
ported a similar resistance of T6 DNA to degradation by pan- 
creatic DNase and a calf intestinal phosphatase preparation. 

We have recently found an enzyme in Escherichia coli which 
can quantitatively degrade the DNA of these bacteriophages to 
5’-mononucleotides (7) and have examined in detail all of the 
HMC nucleotides present in these viral DNA’s. The results 
obtained demonstrate that the DNA’s from phages T2 and T6 
contain 3 distinct HMC nucleotides, bearing 2, 1, or 0 moles of 
glucose per mole of nucleotide. InT2 DNA, the nucleotide with 
a single mole of glucose is the predominant form; in T6, the HMC 
nucleotide containing 2 moles of glucose predominates. In DNA 
from T4 phage, only the monoglucosylated HMC is present. 

Further examination of the isolated monoglucosylated HMC 
nucleotides with respect to the nature of the glycosidic linkage 
has shown that whereas all the glucose in the monoglucosylated 
HMC from T2 is linked in the @ configuration, T4 contains two 
monoglucosylated HMC nucleotides, one with the glucose bound 
in the a configuration and a second in which the glucose is in the 
8 configuration. 

Since the extent of glucosylation is a “species marker” in 
bacteriophage genetics, these new details regarding phage DNA 
structure are pertinent to the interpretation of available genetic 
data and suggest lines of future investigation. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Crystalline pancreatic DNase and RNase were purchased from 
the Worthington Biochemical Corporation. Glucose 6-phos- 
phate dehydrogenase (Zwischenferment) containing hexokinase 


1 The abbreviations used are: HMC, 5-hydroxymethyleytosine; 
dHMP, 5-hydroxvmethyldeoxycytidine 5’-monophosphate. 


was purchased from the Sigma Chemical Company. Purified 
human semen monoesterase was the gift of Dr. Leon A. Heppel. 
The DNA phosphodiesterase from £. coli was purified and assayed 
as described previously (7). Crystalline bovine plasma albumin 
was obtained from the Armour Laboratories. Diethylamino- 
ethyl cellulose (DEAE-cellulose) was purchased from Brown and 
Company (Berlin, New Hampshire). p-Nitrophenyl a-p-gluco- 
pyranoside was generously provided by Dr. H. Halvorson, and 
o-nitrophenyl 8-p-glucopyranoside by Dr. Melvin Cohn. 

Partial Purification of a-Glucosidase—a-Glucosidase was as- 
sayed according to the spectrophotometric method of Halvor- 
son which measures the continuous release of p-nitrophenol from 
p-nitrophenyl a-p-glucopyranoside (8). The reaction mixture 
contained, in a final volume of 1.2 ml, 67 umoles of potassium 
phosphate buffer, pH 6.5, 1.3 wmoles of cysteine, 0.4 mg of 
substrate, and 0.25 to 2.5 units of enzyme. A unit is defined as 
that amount of enzyme causing an increase in optical density at 
420 my of 0.100 per minute. This corresponds to the hydrolysis 
of about 0.01 umole of substrate per minute. 

The enzyme source was a lyophilized preparation of maltose- 
grown Saccharomyces italicus strain Y 1225, kindly provided by 
Dr. H. Halvorson. The dried cells (6.8 g) were suspended in 20 
ml of 0.1 m potassium bicarbonate and incubated at 37° for 6 
hours. Unless otherwise specified, all further operations were 
carried out at 0-4°. The suspension was centrifuged for 10 
minutes at 10,000 x g. The supernatant fluid (20 ml) was 
diluted with an equal volume of 0.05 m potassium phosphate 
buffer, pH 6.5, and 12.8 g of ammonium sulfate were added. 
After 5 minutes the precipitate was removed by centrifugation 
for 5 minutes at 10,000 x g. To the supernatant fluid were added 
an additional 5.6 g of ammonium sulfate; the resulting pre- 
cipitate was collected as before, and dissolved in 13 ml of 0.07 m 
potassium phosphate buffer, pH 6.5, containing 10-4 m 2-mer- 
captoethanol. RNase was added to a final concentration of 0.1 
ug per ml and the solution was incubated at room temperature 
for 1 hour. The RNase-treated ammonium sulfate fraction was 
then dialyzed for 16 hours against 0.02 m potassium phosphate 
buffer, pH 8.0, containing 10-* m 2-mercaptoethanol, and 
fractionated further by chromotography on DEAE-cellulose (9). 

A column of DEAE-cellulose, 10 x 2.2 cm, was equilibrated 
with 0.02 m potassium phosphate buffer, pH 8.0; the dialyzed 
ammonium sulfate fraction was applied to the column and the 
adsorbent was washed with the same buffer. A linear gradient 
was applied with 0.03 and 0.15 m potassium phosphate, pH 6.5 
(200 ml of each) as limiting concentrations, and the flow rate was 
adjusted to 60 ml per hour. The active fractions were eluted 
between 3 and 4 column volumes of effluent and were pooled 
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(65 ml). Ammonium sulfate, 37 g, was added to the pooled 
fractions, and after 10 minutes the precipitate was collected by 
centrifugation at 12,000 x g for 20 minutes. The precipitate 
was dissolved in 2 ml of 0.05 m potassium phosphate at pH 7.0 
and dialyzed for 16 hours against 0.05 m potassium phos- 
phate buffer, pH 7.0, containing 10~ mM 2-mercaptoethanol. The 
dialyzed DEAE fraction contained 30% of the activity initially 
present in the extract and represented an over-all purification of 
about 10-fold. This preparation had no detectable B-glucosidase 
activity (<0.001% of its a-glucosidase activity) as measured by 
the hydrolysis of o-nitrophenyl 6-p-glucopyranoside. It was also 
free of 5/-nucleotidase activity (<1% of its a-glucosidase 
activity) as indicated by its failure to release a measurable 
amount of ortho P® from P*-labeled 5’-dCMP. Hydrolysis of 
the glucosylated HMC nucleosides by the a-glucosidase prep- 
aration proceeded at about 1499 the rate observed with the 
p-nitropheny! a-p-glucopyranoside when measured at a compara- 
ble substrate concentration. Large differences in the rate of 
hydrolysis of various a-glucosides by the yeast a-glucosidase, de- 
pending upon the nature of the aglycone moiety, have been ob- 
served by Halvorson and Ellias (8). 

Partial Purification of B-Glucosidase—8-Glucosidase was 
assayed by measuring the continuous release of o-nitrophenol 
from o-nitrophenyl 6-p-glucopyranoside. The reaction mixture 
(1.2 ml) consisted of 34 wmoles of potassium phosphate buffer, 
pH 6.5, 12.8 mg of substrate, and 0.2 to 1.0 unit of enzyme. A 
unit of 8-glucosidase is defined as that amount of enzyme causing 
an increase in optical density at 420 my of 0.100 per minute. 

The almond £-glucosidase preparation purchased from the 
Nutritional Biochemicals Company contained a-glucosidase ac- 
tivity (about 1% of its B-glucosidase activity) as measured by 
the hydrolysis of p-nitrophenyl a-p-glucopyranoside. This con- 
taminating activity could be largely removed by fractionation 
with ammonium sulfate. To 60 ml of the 6-glucosidase solution 
(4°), containing 600 mg of protein in 0.07 m potassium phosphate 
buffer, pH 6.5, were added 19 g of ammonium sulfate. After 5 
minutes at 0°, the precipitate was removed by centrifugation for 
5 minutes at 10,000 x g. To the supernatant fluid were added 
an additional 4.2 g of ammonium sulfate and after 5 minutes the 
precipitate was removed by centrifugation and dissolved in 5 ml 
of 0.07 M potassium phosphate buffer, pH 6.5. This solution was 
dialyzed for 16 hours at 4° against 0.07 m potassium phos- 
phate buffer, pH 6.5. The dialyzed ammonium sulfate frac- 
tion was purified 3-fold over the starting preparation. It 
contained only barely detectable a-glucosidase activity (about 
0.001 % of its B-glucosidase activity) as measured by the hydrol- 
ysis of p-nitrophenyl a-p-glucopyranoside. 

Hydrolysis of the glucosylated HMC nucleosides by the 
8-glucosidase preparation proceeded at about 49 the rate ob- 
served with the o-nitrophenyl 6-p-glucopyranoside, when meas- 
ured at the same substrate concentration. 

Growth and Purification of Bacteriophages—Bacteriophage 
titrations were carried out as described by Adams (10). T2r+ 
bacteriophage was grown and purified by the method of Herriott 
and Barlow (11). T4r+ and T6r+ phages were grown in the fol- 
lowing way: 20-liter cultures of EZ. coli strain B were grown with 
vigorous aeration in M-9 medium (12) to a cell density of 6 x 108 
cells per ml. 1-Tryptophan to yield a final concentration of 1 ug 
per ml and virus (about 1 x 108 particles per ml of culture) were 
added. Aeration was continued for 7 hours after which time 
lysis of the cultures was complete. Titers of 2 to 3 x 10" phage 
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per ml were routinely obtained in this way. The bacterial debris 
was allowed to settle out at 4° and the supernatant fluid was 
siphoned off. The phage were then harvested by precipitation 
at pH 4 and purified as described by Herriott and Barlow for 
T2: 

Since there is a problem of contamination of one preparation 
by another when dealing with large quantities of virus, each 
preparation was checked by plating on various phage-resistant 
mutants of Z. coli strain B. In only one instance was a given 
preparation contaminated with as much as 0.01% of another 
phage (contamination of T4 with T2), and in all other cases the 
contamination was considerably less. 

DNA was isolated from the purified phage as described 
previously (7). 

Enzymatic Hydrolysis of Bacteriophage DN A’s—The bacterio- 
phage DNA’s were enzymatically degraded to 5’-mononu- 
cleotides by the combined action of pancreatic DNase and the 
E. coli phosphodiesterase (7). The reaction mixture consisted 
of phage DNA (70 uwmoles of phosphorus), 0.4 ug of pancreatic 
DNase, 130 umoles of Tris buffer, pH 7.5, 13 umoles of MgCl:, 
and 1.3 mg of bovine plasma albumin in a final volume of 13.0 ml. 
After incubation at 37° for 30 minutes, the mixture was heated 
for 10 minutes at 80°. The pH was adjusted to about 9 with 1 
N KOH and 1 mmole of glycine buffer, pH 9.2; 100 uwmoles of 
MgCl, and 2000 units of diesterase (DEAE fraction) were added. 
The final volume at this point was 16 ml. Incubation was con- 
tinued at 37° for 6 hours at which time 90 to 100% of the phos- 
phate had become susceptible to semen phosphomonoesterase ac- 
tion. The reaction mixture was heated at 100° for 5 minutes and 
the precipitated protein was removed by centrifugation at 
10,000 x g for 5 minutes. The pH was adjusted to 9.5 by the 
addition of 1 n NH,OH and the digest was applied to a column of 
Dowex 1 (acetate form, 10% cross-linked), 15 X 1 ecm. The 
mononucleotides were chromatographed at 4° with the use of 
ammonium acetate buffers at pH 4.3 according to the method of 
Sinsheimer and Koerner (13). 

The column eluates containing the monoglucosylated 5- 
hydroxymethyldeoxycytidine 5’-monophosphate (monoglucosyl 
dHMP) were pooled and concentrated by distillation under 
reduced pressure, a procedure which also removed most of the 
ammonium acetate. The eluates containing the diglucosylated 
5-hydroxymethyldeoxycytidine 5’-monophosphate (diglucosyl 
dHMP) and dHMP were treated in a similar manner. At pH 1, 
the glucosylated and nonglucosylated HMC nucleotides showed 
identical ultraviolet absorption spectra with a maximum at 284 
mu, aM = 13.2 « 10° and A280/A260 = 2.57. At pH 4.3, the 
glucosylated and nonglucosylated nucleotides were distinguished 
spectrophotometrically as described by Sinsheimer (1). 

The various HMC nucleotides were converted to the corre- 
sponding nucleosides by treatment with semen phosphomono- 
esterase. The reaction mixture (0.35 ml) was composed of 0.66 
pmole of HMC nucleotide, 30 umoles of sodium acetate buffer, 
pH 5.0, and 135 units of semen monoesterase (an amount which 
produces orthophosphate from 5’-AMP at a rate of 135 uwmoles 
per hour). The mixture was incubated at 37° for 4 hours and 
then heated for 2 minutes at 100°. 

Glucose (measured as reducing sugar) bound to HMC nucleo- 
tide was determined by the method of Park and Johnson (14) 
after hydrolysis in 1 N HCl at 100° for 1 hour. Glucose released 
from glucosylated HMC nucleosides by the action of a- or 
B-glucosidases was measured by the coupled hexokinase-Zwi- 
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schenferment assay (15). This reaction is specific for glucose. 
The glucose content of intact phage DNA was estimated by the 
anthrone procedure (16). Correction for color produced by 
deoxyribose was made by subtracting the value obtained with 
an amount of calf thymus DNA corresponding to the concen- 
tration of phage DNA used in the analysis. Phosphate was 
determined by the method of Fiske and SubbaRow (17). 


TABLE I 
Glucose content of bacteriophage DNA’s 














Molar ratios 
DNA source 
Glucose-phosphate | Glucose-HM C* 
T2 0.140 0.82 
T4 0.178 | 1.05 
T6 0.245 1.45 





* Value calculated assuming an HMC concentration of 0.17 
mole per mole of phosphate (5). 
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Fia. 1. Chromatographic separation of the HMC nucleotides 
of T2 phage DNA. The values shown refer either to the ratio of 
glucose to phosphate in single chromatographic fractions, or as 
in the case of the values over the brackets, represent the glucose 
to phosphate ratios in fractions which were pooled as indicated, 
then concentrated before analysis. 


TaBLe II 


Distribution of hydroxymethylcytosine nucleotides in 
DNA from bacteriophages T2, T4, and T6 








ee 
Phage | Dislgenainted | onoetass >| Novelcrgitted| DNA as 
cleotidet 
% of total dHMP % 
6 70 24 96 
5 67 28 99 
T4 <0.5 100 <0.5 93 
T6 72 3 25 90 
72 4 24 88 

















* The data for T2 represent three separate analyses carried out 
on two different phage preparations. The data for T6 were ob- 
tained from two different phage preparations. 

t Calculated assuming an HMC concentration of 0.17 mole per 
mole of DNA phosphate (5). 


Glucosylated Nucleotides of Coliphages T2, T4, and T6 


Vol. 235, No. 11 

















800 a T T ohh ae 
700 + 
600+ 4 
> 500+ : 
e0 
Oo 
@m 
% 400+ 4 
G 
a 
S.30- 7 
.200}- 4 
100}- a 
000 l L l l 1 1 fp 
40 80 120 160 200 240 280 320640 680 720 
t Effluent, ML. t 
0.06 M 010M 
NH4Ac NH4 Ac 
pH4.3 p43 


Fic. 2. Chromatogram showing the HMC nucleotide of T4 
phage DNA. 


RESULTS 


In confirmation of the reports of several workers (1-4), the 
DNA’s from coliphages T2, T4, and T6, although containing 
identical amounts of HMC, showed marked differences in their 
glucose contents (Table I). Thus, T2 DNA contains 0.82 mole 
of glucose per mole of HMC, T4 DNA contains approximately 
equimolar amounts of glucose and HMC, and T6 DNA contains 
1.45 moles of glucose per mole of HMC. 

HMC Nucleotides in T2 DNA—T2 DNA enzymatically 
degraded to mononucleotides as described under “‘Materials and 
Methods” was found to contain three distinct HMC nucleotides 
differing from each other only in their glucose contents (Fig. 1). 
The three peaks shown all had the spectral properties charac- 
teristic of an HMC nucleotide and contained, respectively, 2, 1, 
and 0 moles of glucose per mole of phosphate. As indicated in 
Table II the nucleotide bearing 1 mole of glucose was the pre- 
dominant one; the value of 70% of the total HMC is in good 
agreement with the value reported by Sinsheimer on the basis 
of partial venom diesterase digests of T2 DNA (1). All three 
analyses of T2 DNA demonstrate the presence of a small but sig- 
nificant amount of the diglucosylated nucleotide (5 to 6% of the 
total). The remainder of the HMC (24 to 28% of the total) was 
present in the nonglucosylated form. In each of the analyses 
more than 95% of the HMC of the DNA which was enzymati- 
cally degraded was recovered in the form of the 5’-mononucleotide. 
Although the presence of other HMC nucleotides in these T2 
phage preparations, for example polyglucosylated forms, cannot 
be entirely ruled out by these studies, the constancy of the glu- 
cose to phosphate ratios of individual fractions within a given 
chromatographic peak (Fig. 1), and the nearly complete recovery 
of HMC makes their existence unlikely. 

HMC Nucleotides in T4 DN A—In contrast to T2, the chroma- 
tographic analysis of a T4 DNA digest revealed the presence of 
only the monoglucosylated HMC nucleotide (Fig. 2). Di- and 
nonglucosylated HMC, if present, would constitute less than 1% 
of the total HMC in T4 DNA (Table II). This finding is in 
agreement with the results of Volkin (2) and of Sinsheimer (18), 
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who observed only the monoglucosyl dHMP in partial enzymatic 
digests of DNA from T4 phage. 

HMC Nucleotides in T6 DN A—As in the case of the T2, T6 
DNA contains three distinct HMC nucleotides bearing, respec- 
tively, 2, 1, and 0 moles of glucose per mole of phosphate (Fig. 3). 
Again one-fourth of the total HMC is in the nonglucosylated 
form. In contrast to the T2 DNA, however, the HMC nucleo- 
tide containing 2 moles of glucose per mole of phosphate is present 
in highest concentration (72% of the total HMC); the mono- 
glucosyl dHMP is present to the extent of only 3 to 4% of the 
total (Table II). Lichtenstein and Cohen (4), and Jesaitis (19) 
have previously reported that T6 DNA contains in addition to 
the diglucosylated HMC nucleotide, smaller amounts of the 
mono- and nonglucosylated nucleotides. 

Linkage of Glucose to HMC in Monoglucosyl dHMP—It has 
been suggested by Sinsheimer (1) and by Volkin (2) that the 
glucose attached to the HMC of the DNA from phages T2 and 
T4 is bound in an O-glycosidic linkage to the 5-hydroxymethyl 
group of the pyrimidine. In an attempt to define more precisely 
the nature of these glycosidic linkages, their susceptibility to a- 
and B-glucosidases was examined. 

The glucose of monoglucosyl dHMP from T2 DNA was found 
to be completely resistant to hydrolysis by the a-glucosidase 
from S.italicus. It was, however, quantitatively split from HMC 
by the a-glucosidase when the nucleotide was first dephos- 
phorylated by the action of human semen monoesterase. The 
glucose bound to the HMC nucleotide or nucleoside was com- 
pletely resistant to the action of 6-glucosidase (Fig. 4). 

The amount of nonglucosylated HMC nucleoside produced by 
the action of the a-glucosidase was found to be equivalent to the 
amount of free glucose formed. When 98% of the bound glucose 
had been released from the HMC nucleoside as shown in Fig. 4, 
the reaction was stopped by the addition of 2 volumes of cold 10% 
trichloroacetic acid. The precipitated protein was removed by 
centrifugation and the supernatant fluid was extracted 4 times 
with ether to remove the trichloroacetic acid. After the solution 
was reduced to about 149 its original volume, one aliquot was 
taken for a glucose analysis by the hexokinase-Zwischenferment 
assay and a second aliquot was applied to Whatman No. 4 paper 
and chromatographed with the use of the ethanol-acetic acid 
solvent as described by Loeb and Cohen (20). After develop- 
ment of the paper chromatogram, only a single nucleoside ap- 
peared, that corresponding to the nonglucosylated derivative. 
The nucleoside was eluted from the paper with 0.1 n HCl and its 
concentration determined with the use of a molar extinction co- 
efficient at 284 my of 13.2 x 10%. The amount of HMC nucleo- 
side recovered, 0.107 umole, agreed with the free glucose (0.102 
umole) present in a comparable aliquot of the reaction mixture. 
These results indicate that the glucose in monoglucosyl dH MP 
from T2 DNA is bound to the hydroxymethyl group in an a-glyco- 
sidic linkage (Fig. 5). 

T4 DNA, in contrast, contains two distinct monoglucosylated 
HMC nucleotides, one in which the glucose is bound in an a-glyco- 
sidic linkage and a second in which the linkage is in the 8 config- 
uration. As shown in Fig. 6, incubation of the monoglucosylated 
nucleoside from T4 with the a-glucosidase resulted in the lib- 
eration of 67% of the total glucose; further addition of enzyme 
or longer incubation did not increase this value. However, addi- 
tion of B-glucosidase to the reaction mixture resulted in the 
prompt liberation of the remainder of the glucose. 

An experiment in which the monoglucosylated nucleoside from 
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Fig. 3. Chromatographic separation of the HMC nucleotides 
of T6 phage DNA. 
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Fig. 4. Release of glucose from monoglucosyl HMC nucleoside 
from T2 DNA by a- and £-glucosidases. The reaction mixture for 
incubation with a-glucosidase contained 0.48 umole of monoglu- 
cosyl HMC nucleoside, 20 umoles of potassium phosphate buffer, 
pH 6.5, 0.4 umole of cysteine, and 1000 units of a-glucosidase 
(DEAE fraction) in a volume of 1.55 ml. Incubation was at 37°; 
at the indicated times, aliquots (0.1 ml) were withdrawn, added 
to 0.4 ml of water, and heated for 5 minutes at 100°. The precipi- 
tated protein was removed by centrifugation, and 0.3 ml of the 
supernatant fluid was assayed for glucose by the hexokinase- 
Zwischenferment assay. The initial value of 4% free glucose is 
attributable to the presence of some a-glucosidase activity in the 
semen phosphomonoesterase used to prepare the nucleoside; this 
preparation contained no detectable 8-glucosidase activity. 

The reaction mixture for incubation with 6-glucosidase con- 
tained 0.30 umole of monoglucosyl HMC nucleoside, 20 umoles of 
potassium phosphate buffer, pH 6.5, and 2200 units of 8-glucosi- 
dase (ammonium sulfate fraction) in a volume of 1.3 ml. At the 
indicated times, aliquots (0.1 ml) were removed and assayed for 
free glucose as above. At 4 hours, 0.6 ml was withdrawn from the 
incubation mixture; 500 units of a-glucosidase (DEAE fraction), 
0.25 umole of cysteine, and 10 wmoles of potassium phosphate 
buffer, pH 6.5, were added and the volume adjusted to 1.0 ml. 
Aliquots (0.1 ml) were removed as indicated and assayed as before 
for free glucose. 
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Fig. 6. Release of glucose from monoglucosyl HMC nucleoside 
from T4 DNA by a- and §-glucosidases. The incubation mixture 
for the reaction with a-glucosidase contained in a volume of 0.8 
ml, 0.28 umole of monoglucosyl HMC nucleoside, 10 umoles of 
potassium phosphate buffer, pH 6.5, 0.2 umole of cysteine, and 700 
units of a-glucosidase (DEAE fraction). Incubation was at 37°; 
at the indicated times, aliquots (0.08 ml) were removed and ana- 
lyzed for free glucose as described under Fig. 4. 

At 6 hours, 0.3 ml of the reaction mixture was withdrawn and 
1400 units of 8-glucosidase (ammonium sulfate fraction) were 
added together with 5 umoles of potassium phosphate buffer, pH 
6.5. The volume was adjusted to 0.6 ml, and aliquots (0.1 ml) 
were again removed as indicated and assayed for free glucose. 


T4 was treated first with the 6-glucosidase and then with a-gluco- 
sidase resulted in the release of 30% of the total glucose by the 
first enzyme and the remaining 70% by the second. 

In the case of the monoglucosylated HMC nucleoside from T6 
DNA, determination of the glycosidic linkage was hindered by 
the small amounts of material available. One experiment, how- 
ever, suggested that most (>80%) of the glucose was bound in 
the a configuration. 

Linkage of Diglucosyl Unit in Diglucosyl dHMP—The 
diglucosyl unit of diglucosyl dHMP from T6 is a disaccharide in 
which the two glucose residues are linked to each other in a 
6 linkage and to the hydroxymethyl group of HMC in an a 
linkage; the evidence for this is shown in Fig. 7. No detectable 
glucose? was liberated upon incubation of the diglucosyl- 


2 Neither free glucose nor a diglucosyl unit was released by the 
action of the a-glucosidase. Incubation of the diglucosylated 
HMC nucleoside first with the a-glucosidase, followed by heating 
of the reaction mixture to inactivate this enzyme, then incubation 
with 8-glucosidase, resulted in the liberation of only 50% of the 
total glucose. Had a diglucosyl unit first been removed from 
the nucleoside by the a-glucosidase, 100% of the glucose would 
have been released upon addition of the 8-glucosidase. 
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Fie. 7. Release of glucose from diglucosyl HMC nucleoside 
from T6 DNA by a- and §-glucosidases. The reaction mixture 
for incubation with 6-glucosidase consisted of 0.33 umole of di- 
glucosyl HMC nucleoside, 20 wmoles of potassium phosphate 
buffer, pH 6.5; and 2000 units of 6-glucosidase (ammonium sulfate 
fraction), in a final volume of 1.25 ml. Incubation was at 37°; 
at the indicated times, aliquots (0.1 ml) were removed and as- 
sayed for free glucose as described for Fig. 4. 

At the end of 10 hours, 0.56 ml of the reaction mixture was with- 
drawn; 700 units of a-glucosidase (DEAE fraction), 8 umoles of 
potassium phosphate buffer, pH 6.5, and 0.3 umole of cysteine were 
added. The volume was adjusted to 1.2 ml and aliquots (0.1 ml) 
were again removed and assayed for free glucose. 

The reaction mixture for incubation with a-glucosidase con- 
sisted of 0.20 umole of diglucosyl HMC nucleoside, 20 zmoles of 
potassium phosphate buffer, pH 6.5, 0.3 umole of cysteine, and 500 
units of a-glucosidase (DEAE fraction) in a final volume of 1.0 
ml. Aliquots (0.1 ml) were removed at zero time, 4 hours, and 6 
hours and assayed for free glucose. 


ated nucleoside with a-glucosidase; however, 50% of the 
total glucose was released by the action of the 6-glucosidase. 
The remaining 50% could then be liberated by the action of the 
a-glucosidase. 

The same result was obtained with the diglucosylated nucleo- 
side from T2, suggesting that the disaccharides in the diglucosyl 
dHMP from T2 and T6 are the same. In neither case, however, 
was the position of the disaccharide linkage established.’ 


DISCUSSION 


The availability of an enzyme which can quantitatively de- 
grade the glucosylated DNA’s from the T-even coliphages to 
their constituent mononucleotides has for the first time per- 
mitted an analysis of all their HMC nucleotides. This analysis 
has, in general, confirmed the conclusions drawn by Sinsheimer 
(1), Volkin, (2), Lichtenstein and Cohen (4), and Jesaitis (3) re- 
garding the relative proportions of the various HMC nucleotides 
in these DNA’s based on their studies of partial venom diesterase 
digests. The studies presented here demonstrate a number of 
additional features of interest concerning the nucleotide compo- 
sition of these viral DNA’s. First, T2 has been found to con- 
tain the diglucosylated HMC nucleotide as well as the mono- and 
nonglucosylated forms. Secondly, T4 DNA has been shown to 
contain two monoglucosylated HMC nucleotides, one in which 
the glucose is linked to the hydroxymethyl group of the pyrimi- 


3’ There are four known §-linked disaccharides in which both 
monosaccharide units are glucose: cellobiose (1,4); gentiobiose 
(1,6); laminaribiose (1, 3) ; and sophorose (1, 2). 
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dine in the a configuration and a second in which the linkage is 
in the 6 configuration. This is in contrast to the situation in T2 
in which there is only a single type of monoglucosylated HMC, 
that in which the glucose is bound in the @ configuration. 
Thirdly, the diglucosyl unit of T6 and T2 DNA has been identi- 
fied as a disaccharide in which the two glucose residues are linked 
to each other in a @ linkage and to the hydroxymethy! group of 
the HMC in an a linkage. The position of the disaccharide 
linkage was not determined. 

Genetic studies (19, 21, 22) have demonstrated that the 
proportion of glucose to phosphate in the T2, T4, and T6 DNA’s 
is a characteristic, inheritable property of each phage type. 
Furthermore, the glucose content of the nucleic acid segregates 
from the host range marker in crosses between these phages. 
Cocito and Hershey (23) have recently reported that the glucose 
of phage T2 is transferred from parental to offspring phage with 
the same efficiency as other DNA constituents. It is therefore 
reasonable to suppose that the presence of a glucosyl or diglucosyl 
unit linked to a particular HMC residue may in some way 
contribute to the genetic information embodied in the nucleotide 
sequence of which the HMC residue is a part. Streisinger et 
al. (21, 22) have reported the isolation of strains from crosses 
of phages T2 and T4 which showed glucose contents inter- 
mediate between T2 and T4. Jesaitis (19) has made similar 
observations with strains derived from crosses of T2 and T6. It 
would be of interest to examine enzymatic digests of the DNA of 
these hybrid phages to determine the way in which their altered 
glucose contents are reflected in the distribution of the various 
glucosylated and nonglucosylated HMC nucleotides. 

Kornberg et al. (24) have reported the enzymatic glucosylation 
of HMC-containing DNA’s by direct transfer of glucose from 
uridine diphosphate glucose to the HMC of the DNA in a re- 
action catalyzed by enzymes detectable only in extracts of phage- 
infected bacteria. Of further interest is the observation‘ that 
extracts of T4-infected EZ. coli contain two distinct and physically 
separable enzymes, both of which monoglucosylate DNA con- 
taining HMC. Recent experiments‘ suggest that one of these 
enzymes adds glucose to the HMC ofjthe DNA ina 6 linkage and 
the second, which has its cuneratp an enzyme present in T2- 
infected extracts, adds the glucose ir the a configuration. The 
presence in T4 DNA of the a- and 8-linked glucose residues is 
therefore consistent with the induction of two specific glucosylat- 
ing enzymes upon infection of E. colt with T4 bacteriophage. 


SUMMARY 


The nucleic acids from bacteriophages T2, T4, and T6 have 
been quantitatively degraded to their 5’-mononucleotide compo- 
nents with a phosphodiesterase from Escherichia coli. The non-, 


‘ Personal communication from S. R. Kornberg. 
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mono-, and diglucosylated hydroxymethyleytosine (HMC) nu- 
cleotides were separated, their relative proportions determined, 
and the glucose linkages identified. For T2 it was found that, 
of the total HMC content, 25% is nonglucosylated, 70% is 
monoglucosylated, and 5% is diglucosylated. In both the 
monoglucosylated and diglucosylated HMC, glucose is bound to 
the hydroxymethyl group in an a-glycosidic linkage. In the 
diglucosylated form, the second glucose is bound to the first by a 
B linkage. In T4 all the HMC is in the monoglucosylated form, 
but 70% has the glucose attached in the a-configuration and 30% 
has a 6 linkage. In T6 25% of the HMC is nonglucosylated, 
72% is diglucosylated, and 3% is monoglucosylated, with the 
linkages the same as in T2. 


Acknowledgment—We are grateful to the United States Public 
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Adenylate kinase activity has been found in yeast and various 
animal tissues such as muscle, liver, heart, spleen, brain (2), and 
erythrocytes (3). However, only the enzyme from rabbit muscle 
has been studied extensively and it has been crystallized by 
Noda and Kuby (4). Recent reports by Strominger et al. (5) 
and Heppel et al. (6) on the nucleoside monophosphate kinases 
of calf liver indicate the presence of a variety of enzymes of 
different specificities catalyzing the general reaction type 


Nucleoside* monophosphate + nucleoside triphosphate 1) 
= nucleoside* diphosphate + nucleoside diphosphate ( 


The substrate specificities of these enzymes were shown to fall 
into two main groups. First, the adenosine 5/-triphosphate- 
nucleoside monophosphate transphosphorylases 


ATP + XMP!= ADP + XDP (2) 


in which only ATP will phosphorylate a nucleoside monophos- 
phate to form the expected nucleoside diphosphates. It has 
been shown (5) with a purified enzyme that the role of the phos- 
phate acceptor can be fulfilled by uridine 5’-monophosphate or 
cytidine 5’-monophosphate, to a lesser extent by adenosine 5’- 
monophosphate, but not by guanosine 5’-monophosphate or 
inosine 5’-monophosphate. The second nucleoside monophos- 
phate kinase activity purified from calf liver had the opposite 
substrate specificity (6). 


XTP + AMP = XDP + ADP (3) 


With this enzyme preparation (Equation 3) AMP could not be 
replaced by other nucleoside monophosphates but the role of 
the nucleoside triphosphate could be fulfilled by UTP, ITP, 
GTP, CTP, or ATP. 

The ATP-AMP transphosphorylation exhibited by these two 
enzyme preparations poses the question whether the ATP-AMP 
transphosphorylase activity in liver is carried out entirely by 
these relatively substrate-unspecific enzymes or whether liver 
tissue also contains a catalyst specific for adenine nucleotides 
only. 

Interest in this problem arose when attempts were made to 


* Supported in part by grants from the National Institutes of 
Health, United States Public Health Service. A preliminary re- 
port of this work has been presented (1). 

t Fellow of the National Foundation. 
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1 The symbol X is used in this paper to denote bases in nucleo- 
tides other than adenine. 
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inhibit the adenylate kinase activity of aqueous extracts of 
mitochondria from liver with a number of reagents (7). In 
particular, it was observed that certain agents capable of binding 
reactive sulfhydryl groups did not inhibit this activity. This was 
contrary to the experience with myokinase of rabbit muscle 
which is inhibited by silver ion (8) and an adenylate kinase from 
yeast which loses activity in the presence of N-ethylmaleimide 
(9). The resistance to silver ion of the enzyme system from 
liver was of particular interest, and advantage was taken of this 
property in the purification of adenylate kinase activity from 
this tissue. The preparation of an adenylate kinase from swine 
liver and some of its properties are described in this communica- 
tion. 


EXPERIMENTAL PROCEDURE 


Chemicals—2’-AMP, 3’-AMP, and N-ethylmaleimide were 
obtained from Schwartz Laboratories, Inc. Deoxynucleoside 
monophosphates and the ion exchange resin, Dowex 1-X10 (200 
to 400 mesh) (analytical grade) were purchased from California 
Corporation for Biochemical Research. Other purine and 
pyrimidine nucleotides and nucleosides, deoxy-ADP, deoxy- 
ATP, p-hydroxymercuribenzoate, and yeast hexokinase (Type 
III) were procured from Sigma Chemical Company. Glucose 
6-phosphate dehydrogenase was prepared as described by Korn- 
berg and Horecker (10). Amberlite CG-50 Type 2 (chromato- 
graphic grade) was from Fisher Scientific Company. Aluminum 
hydroxide gel was prepared essentially as described by Peanasky 
and Lardy (11). Carrier-free H;P"O, was obtained from Oak 
Ridge National Laboratory on allocation by the United States 
Atomic Energy Commission. Other organic and inorganic 
chemicals were of reagent grade. The preparation of ATP® 
labeled in the B- and y-phosphate groups and its conversion to 
ADP® labeled in the terminal phosphate group was carried out 
as described previously (7). 


Assay Methods 


Enzymic Assay—The rate of formation of ATP from ADP in 
the adenylate kinase reaction was assayed with a system con- 
taining yeast hexokinase and glucose 6-phosphate dehydrogenase 
essentially as described by Oliver (12). The reaction mixture 
(final volume, 3 ml), in a cuvette of 1-cm light path, had the 
following composition: 0.3 wmole of TPN, 0.5 umole of ADP, 1 
umole of MgSO,, 40 umoles of imidazole buffer at pH 7.4, 140 
umoles of glucose, hexokinase, and glucose 6-phosphate dehy- 
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drogenase. The hexokinase preparation was pretreated with N- 
ethylmaleimide to destroy yeast adenylate kinase activity (9). 
Control experiments showed that hexokinase treated in this 
manner and glucose 6-phosphate dehydrogenase employed in 
the assay were practically free of adenylate kinase activity. The 
amounts of hexokinase and glucose 6-phosphate dehydrogenase 
used per assay were such that the appearance of 0.08 umole 
of ATP in a 5-minute period would lead to the formation of an 
equivalent amount of TPNH in that time. 

The reaction was started by the addition of adenylate kinase 

preparation. The incubation was conducted at room tempera- 
ture (20-25°) for a period of 5 minutes and the change in light 
absorption at 340 mu was observed. The formation of ATP 
per aliquot of adenylate kinase, equivalent to the appearance 
of TPNH in the assay, was calculated from the extinction coeffi- 
cient for TPNH of 6.22 x 10° cm? per mole (12). A linear 
relationship between TPNH production and adenylate kinase 
activity was found when the amount of adenylate kinase prepara- 
tion per assay was adjusted to form no more than 0.05 umole 
of ATP in 5 minutes. This assay was used to follow the activity 
of adenylate kinase throughout the process of purification. 
Enzyme activity thus obtained is expressed as micromoles of 
ATP formed per minute per unit volume of enzyme, and specific 
activity as micromoles of ATP per minute per milligram of 
protein. Protein was determined by the method of Lowry et al. 
(13). 
Certain fractions obtained during the purification of the en- 
zyme contained amounts of silver ion which interfered with the 
assay. Such preparations were treated with an excess of cysteine 
before testing; this removed silver ion completely. 

Transfer of P*® Method—The rate of transphosphorylation was 
estimated by measuring the appearance of P® in nucleotides 
formed upon incubation of enzyme preparations in the presence 
of ATP* (labeled in the 8- and y-phosphate groups) or ADP® 
(P* in the 8-position) either with or without another unlabeled 
nucleoside or nucleotide. The conditions of assay used were 
similar to those employed previously for the measurement of the 
ADP-ATP exchange activity of the “exchange enzyme” and of 
nucleoside diphosphokinase (7). 

The reaction mixture contained 0.2 umole of ADP® or of ATP® 
when these substances were used alone, or 0.1 umole of ADP” 
or ATP® in combination with 0.1 ywmole of an unlabeled nucleo- 
tide or nucleoside. Other components were 0.1 umole of MgSO, 
and 4 wmoles of Tris or imidazole buffer at pH 7.4. Enzyme 
solution, water and other additions made up a final volume of 0.1 
ml. The reaction proceeded at 25° for 5 minutes and was 
stopped by the addition of 0.1 ml of 10% trichloroacetic acid. 
The deproteinized reaction mixture was chromatographed on 
paper as described by Krebs and Hems (14). The areas of 
nucleotides on the paper which were suspected to be produced 
in the reaction scheme under study, as well as nucleotides actually 
detectable by quenching of ultraviolet light and by radio- 
autography, were cut out and their radioactivity was determined 
with a thin window gas flow Geiger counter. The amount of 
each product formed was estimated by dividing the total radio- 
activity of the particular area by the expected specific activity. 
The action of liver adenylate kinase on ADP® labeled in the 
terminal phosphate group has already been shown to lead to the 
expected equal distribution of P® in the B- and y-phosphate 
groups of formed ATP® (7). 

Because of its great sensitivity, this method was particularly 
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useful when applied to studies on the nucleotide specificity of 
the enzyme. Since the optimal conditions of reaction and details 
of the kinetics were not investigated for each combination of 
nucleotides, the values obtained were not necessarily strictly 
comparable (see Tables II and III). However, the results did 
make it possible to distinguish between reactions which occurred 
and those which did not. With the former, one could obtain 
an estimate of the order of magnitude of the reaction rates with 
a degree of accuracy adequate for the present purpose. 


RESULTS 


Purification of Adenylate Kinase—All procedures were carried 
out at room temperature unless specified otherwise. The swine 
livers were delivered to the laboratory from the slaughter house 
about.4 hours after the death of the animals. 

Selection of Livers—The suitability of each swine liver for the 
subsequent process was checked in the following manner. Tissue 
from each liver, 100 g, was homogenized in a Waring Blendor 
with 300 ml of water. To each 5 ml aliquot of the homogenates, 
0.5 ml of 0.1 m AgNO; was added. This mixture was heated 
for 10 minutes in a 40° water bath and then centrifuged. The 
supernatant fluid from such a preparation should be transparent 
and yellow to orange in color. Livers which yield a turbid 
supernatant fluid in this process should not be used. 

I. Extraction—The livers, selected as above, were cut into 
small pieces after removal of large connective tissue and homog- 
enized under the conditions described above. Alternatively, the 
selected livers could be stored in the freezer. After thawing, 
the tissue was driven through a meat grinder and the ground 
mass was treated with three volumes of water per wet weight of 
liver for 4 hours with occasional stirring at 8° (Fraction I). 

II. First Silver Treatment—To Fraction I, 0.1 volume of 0.1 m 
AgNO; was added and the mixture was heated to 40° within 15 
minutes. This temperature was maintained for 5 minutes. 
The mixture was then cooled rapidly to about 25° in a cold water 
bath. It was centrifuged at 650 x g for 20 minutes at 15° and 
the resulting supernatant fluid was passed through a cheese 
cloth to remove fat (Fraction IT). 

III. First Ammonium Sulfate Step—Fraction II was brought 
to 0.7 saturation of ammonium sulfate? by adding the solid salt. 
After 20 minutes, this suspension was centrifuged at 4000 x g 
for 20 minutes at 15°. The precipitate was suspended in an 
amount of water one-tenth that of the volume of Fraction II. 
The insoluble portion was removed by centrifugation at 4000 x 
g for 10 minutes at 15° and the supernatant solution was retained 
(Fraction ITI). 

IV. Second Silver Treatment—To 1 volume of Fraction III, 
0.1 volume of 0.1 m AgNO; was added. The mixture was heated 
to 40° within 10 minutes and kept at this temperature for 5 
minutes. It was cooled to about 5° in an ice bath and centri- 
fuged at 4000 x g for 10 minutes at 3°. The supernatant fluid 
was saved (Fraction IV). 

V. First Aluminum Hydroxide Gel Step—A preliminary test 
was made with a few milliliters of Fraction IV to determine the 
minimal amount of aluminum hydroxide gel required to adsorb 
about 90% of the activity. With this information, the calcu- 
lated amount of the ice-cold gel (about 7 to 12 mg of solid per 


2 Addition of ammonium sulfate was done with the aid of the 
formula used by Noda and Kuby (4). In this case a saturated 
solution is a mixture of 707.4 g of ammonium sulfate and 1 liter 
of water. 
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ml of Fraction IV) was added to the ice-cold Fraction IV. Im- 
mediately after mixing, the suspension was centrifuged at 650 < g 
for 5 minutes at 3°, the supernatant fluid was discarded, and the 
eluting solution (a mixture of equal parts of 2 m NaCl and 0.5 m 
Tris buffer at pH 8.0) equal in volume to that of Fraction IV, 
was added to the gel precipitate in the centrifuge bottle. The 
gel was suspended thoroughly, and after 10 minutes with occa- 
sional stirring, the mixture was centrifuged at 650 x g for 5 
minutes at 15°. The gel precipitate was treated with the eluting 
solution as before, however, this time in a volume one-fourth of 
that of Fraction IV. The two eluates were combined (Fraction 
V). 

VI. Second Ammonium Sulfate Step—Fraction V was brought 
to 0.45 ammonium sulfate saturation and after 20 minutes was 
centrifuged at 4000 x g for 20 minutes at 15°, and the precipi- 
tate was discarded. The ammonium sulfate concentration of the 
supernatant fluid was brought to 0.55 saturation and centrifuged 
as above. This precipitate was taken up in water at a volume 
one-sixtieth of that of Fraction V (Fraction V1). 

VII. Acetone Treatment—Fraction VI was chilled to —1° in an 
ice-salt bath, and acetone (—20°) was added to the enzyme solu- 
tion to a final concentration of 60%. The mixture was centri- 
fuged at 3000 x g for 5 minutes at —20°. The precipitate was 
resuspended in 60% acetone ( —20°) and centrifuged again. The 
precipitate was taken up in a volume of water equal to that of 
Fraction VI (Fraction VII). 

VIII. Cation Exchange Resin Step—Amberlite CG-50 Type 2, 
hydrogen form, 200 mesh, was sized repeatedly with water to 
remove fine particles which did not settle from the suspension 
after standing for 20 minutes, and the remaining residue was 
washed with acetone. The acetone was removed by drying the 
resin in air followed by washing with water. The wet resin was 
then mixed with 2 volumes of water and the acidity of the sus- 
pension was adjusted to pH 6.6 with ammonia. Resin which 
was partially neutralized in this manner did not lead to a drastic 
lowering of pH upon mixing with the enzyme solution in the 
following step. Before use, the resin suspension was washed with 
a@ minimal amount of water on a sintered glass funnel. 

Fraction VII was cooled in an ice bath. An amount of resin 
slurry sufficient to adsorb all of the enzyme activity (about twice 
the volume of Fraction VII) was mixed with it, and the acidity 
was adjusted to pH 6 with ammonia. The suspension was fil- 
tered on a funnel with gentle suction. Care was taken in this 
and the subsequent steps not to suck air through the filter cake. 
The resin on the funnel was washed with an amount of 0.45 m 
ammonium acetate® three times that of the volume of the resin 
slurry. This filtrate was discarded. The enzyme was eluted 
from the resin by passing through it a quantity of 0.55 m am- 
monium acetate 20 times that of the volume of the resin. The 
eluate was chilled in an ice bath (Fraction VIII). 

IX. Second Aluminum Hydroxide Gel Step—To the ice-cold 
Fraction VIII, aluminum hydroxide gel, sufficient to adsorb 
about 90% of the enzyme activity (about 0.4 to 0.5 mg of solid 
per ml of Fraction VIII), was added, and the mixture was cen- 
trifuged at 750 x g for 5 minutes at 3°. The gel precipitate 
was resuspended in 0.55 M ammonium acetate at one-seventh the 
volume of Fraction VIII and centrifuged as above. The super- 
natant fluid was discarded and the enzyme was eluted from the 


3’ The concentration of ammonium acetate was determined by 
the Nessler reaction. 
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gel precipitate with a solution containing 0.3 m K,CO; and 0.3 y 
KHCO; (pH 9.9) at one-seventh the volume of Fraction VIIT 
(Fraction IX). 

X. Third Ammonium Sulfate Step—Ammonium sulfate was 
added to Fraction IX to 0.65 saturation and the mixture was 
allowed to stand in an ice bath for 20 minutes. After dissolving 
a precipitate of inorganic material by warming the mixture to 
room temperature, it was centrifuged at 5000 x g for 10 minutes, 
The precipitate was dissolved in an amount of water at one- 
twentieth the volume of Fraction IX. Insoluble particles were 
removed by centrifugation. This solution usually was at about 
pH 8.2, and the product was stored at 2 to 5° (Fraction X). 
When the final product was too alkaline (above pH 8.5), it was 
dialyzed against ice-cold water before storage. 

Fraction X catalyzed the formation of 10 to 40 umoles of ATP 
per minute per mg of protein at 25° and pH 7.4. The activity 
yield from liver homogenate was only around 2%. An example 
of the purification of the enzyme is given in Table I. 


Properties of the Enzyme 


Substrate Specificity—As is shown in Table II, the purified 
enzyme exhibited significant activity only with adenine nucleo- 
tides participating in the reaction 


2 ADP? = ATP® + AMP (4) 


With other pairs of nucleotides, the enzyme produced no zones on 
paper chromatograms detectable by the quenching of ultraviolet 
light other than those originally present. The reaction with 
such pairs of nucleotides was studied further with the P® method. 

In order to check for ATP-nucleoside monophosphate trans- 


TABLE I 
Purification of ATP-AMP transphosphorylase 
Swine liver, 800 g, was used. The homogenate was assayed 
after removal of coarse particles by centrifugation at 1000 X g 
for 5 minutes. 























Fraction Volume ‘iy, L- Specific activity 
[| me Ppndbe 
I Homogenate.......... 3,200 |100 {174,000 0.06 
II Silver supernatant. .../2,135 | 52 | 15,050 0.36 
III Ammonium sulfate 
precipitate (00.7 
saturation).........| 278 | 33 6,390 0.54 
IV Silver supernatant....| 274 | 25 3,570 0.72 
V Aluminum hydroxide 
gel, eluate.......... 344 | 12 798 1.6 
VI Ammonium sulfate 
precipitate (0.45- 
0.55 saturation)..... 6.4) 6 74 8.7 
VII Acetone precipitate 
ee 6.4) 6 66 9.6 
VIII Cation exchange resin, | 
GUNN ds ics.. 350% 253 3 27 12 
IX Aluminum hydroxide | 
Gt, GLUMSO. 5.55. os os 36 2.5 13 20 
X Ammonium sulfate 
precipitate (0-0.65 | 
saturation).......... | 2 | 2.5 6.4 40 
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phosphorylase activity (5), the following reaction was studied: 
ATP® + XMP — ADP® + XDP# (5) 


The ATP® used was labeled about equally in the 8- and y- 
phosphate groups; thus, both nucleoside diphosphates formed in 
the above reaction would be expected to contain P® in the termi- 
nal phosphate group. When the purified enzyme was used, 
AMP was the only nucleoside monophosphate which acted as a 
phosphate acceptor. Traces of radioactivity found in certain 
nucleoside diphosphates other than ADP were probably due to 
experimental error, inasmuch as, for example, a 20-fold increase 
in enzyme protein did not lead to increased phosphorylation of 
UMP by ATP® (Table II). The enzyme was, therefore, differ- 
ent from ATP-nucleoside monophosphate transphosphorylase. 

Adenosine could not act as a phosphate acceptor, thus elimi- 
nating contamination of the preparation by adenosine kinase (16). 

The following reaction was used to test for the presence of 
nucleoside diphosphokinase (14, 17): 


ATP® + XDP — ADP® + XTP# (6) 


As can be seen in Table II, this activity was absent. Apparent 
formation of a trace of CTP and of ITP, as recorded in the 
table, is probably attributable to experimental error; thus, a 
20-fold increase in enzyme protein failed to yield an enhanced 
phosphorylation of IDP by ATP®. 

It had been demonstrated previously that enzyme preparations 
from liver contained nucleoside triphosphate-AMP transphos- 
phorylase which appeared to be unaffected by the silver treat- 
ment (1). It was of interest to know whether this activity 
(Equation 3), in addition to ATP-AMP transphosphorylation, 
was present in this enzyme preparation. This was studied by 
the use of the following reaction: 


XDP + ADP® — XTP® + AMP (7) 


Since it is already known that the enzyme studied here catalyzes 
the ATP-AMP reaction, the interaction of two molecules of 
ADP® should lead to the formation of ATP® as an additional 
product. It was possible to demonstrate that the purified en- 
zyme did contain nucleoside triphosphate-AMP transphosphoryl- 
ase activity ; however, this could only be shown when the amount 
of enzyme protein used was increased 20-fold (Table II). Only 
2 to 6 mumoles of XTP were produced in the assay when a level 
of enzyme capable of forming about 450 mumoles of ATP from 
ADP was employed. The apparent value of 32 myumoles of 
ATP® formed from ADP® under these conditions (Table II) is 
not comparable with the values for XTP since it does not take 
into account that the reaction with the adenine nucleotides has 
reached equilibrium at a very early stage of the incubation with 
this large quantity of enzyme. Attempts were also made to 
study the nucleoside triphosphate-AMP transphosphorylation 
activity of the purified enzyme by measuring the decrease of the 
AMP content of the medium which should occur in the reaction 


XTP + AMP — XDP + ADP (8) 


The level of AMP at the start and the end of the incubation 
period with this system was estimated by the use of ion exchange 
chromatography by the method of Bergkvist and Deutsch (18). 
The following pairs of nucleotides were studied in this manner: 
ATP + AMP, CTP + AMP, GTP + AMP, ITP + AMP, or 
UTP + AMP. Only the combination ATP + AMP led to a 
significant disappearance of AMP from the reaction mixture 
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TABLE II 
Substrate specificity of ATP-AMP transphosphorylase 
Enzyme protein (Fraction X, specific activity 12) was 0.5 ug 
per assay unless specified otherwise. The incubation time was 
5 minutes. Added ATP and ADP were always labeled with P2. 











Substrates P-labeled products 
mumoles 

ATP ADP 0 | 
ATP + AMP ADP 24 
ATP + 2’-AMP* ADP 0 
ATP + 3’-AMP* ADP 0 
ATP + CMPt ADP 0 CDP 0 
ATP + GMP ADP 0 GDP 1 
ATP + IMP ADP 0 IDP 0 
ATP + UMP ADP 0, Ot UDP 1, lt 
ATP + Adenosine ADP 0 AMP 0 
ATP + CDP ADP 0 CTP 1 
ATP + GDP ADP 0 GTP 0 
ATP + IDP ADP 0, Ot ITP 1, lt 
ATP + UDP ADP 0 UTP 0 
ADP ATP 35 
ADP + CDP ATP 23, 32t CTP 0, 2t 
ADP + GDP ATP 22, 32t GTP 0, 6t 
ADP + IDP ATP 24, 32f ITP 0, 6t 
ADP + UDP ATP 23, 32t UTP 0, 5t 








* No compounds different from those added could be detected 
on paper chromatograms of the reaction mixture upon incubation. 

+ The solvent system phosphate-ammonium sulfate-n-propanol 
(15) was also used for paper chromatography of the reaction prod- 
ucts, and the area corresponding to CDP was examined. 

t Enzyme protein was 10 ug per assay. 


whereas the other combinations did not. CDP, GDP, IDP, or 
UDP added singly to the reaction mixture were recovered un- 
changed upon incubation. 

Phosphorylation of Deoxyadenosine Phosphates—Since phos- 
phorylation of dAMP by ATP was reported by Klenow and 
Lichtler (19) to be catalyzed by myokinase prepared by the 
method of Colowick and Kalckar (29), the present enzyme was 
also studied in this respect. 

This reaction was investigated by an examination of products 
resulting from the interaction of ATP® and dAMP or of ADP® 
with dADP. The reaction was stopped by adding an equal 
volume of 0.1 M citric acid. The nucleotides were separated on 
paper two-dimensionally; first, by electrophoresis with 0.03 m 
citrate buffer at pH 3.2 (7), and secondly, at right angles to the 
direction of electrophoresis, by descending chromatography with 
the isobutyric acid-ammonia-ethylenediaminetetraacetic acid 
solvent system (14). This method clearly separated dAMP, 
dADP, dATP, AMP, ADP, and ATP from each other within 10 
hours. An example of such a separation is given in Fig. 1. 

The liver enzyme at its present state of purification catalyzed 
the phosphorylation of (AMP by ATP and of dADP by ADP 
at rates which were about 59% and 20%, respectively, that of 
the interaction of AMP with ATP and of the formation of ATP 
from ADP. 

Addition of dADP alone led to the formation of traces of 
dATP and dAMP. However,’ this only occurred when very 














J 
‘ 
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amp 





Fic. 1. Radioautograph of reaction mixture incubated wit 
ADP® and dADP. dAMP could not b2 datected after incuba 
tion; its position on the chromatogram, had it been present, is out- 
lined by the broken line. The position of other nucleotides, lo- 
cated by their quenching of ultraviolet light, is indicated by solid 
lines. 


large amounts of enzyme were used. No reaction was detected 
by paper chromatography when dCMP and ATP were incubated 
with the enzyme. 

pH Optimum—The apparent optimal activity was around pH 
7.4 with the P®-assay. However, the activities at pH 5.8 and 
pH 9.2 were nearly 70% of that measured at pH 7.4. But at pH 
4.5 it was less than 5% of that at pH 7.4. 

Stability—The enzyme preparation (Fraction X) was kept at 
4° for a few weeks and could be frozen at —20° and then thawed 
without significant loss of activity. After 5 minutes in 0.05 n 
HCl, at a protein concentration of 2 mg per ml, about 10% of 
the activity of the dialyzed enzyme was lost at 0°, about 30% 
at 40°, and 75% at 95°. Under similar conditions, after expo- 
sure for 5 minutes at 95° in 0.1 m imidazole buffer, pH 7.4, about 
69% of the activity was lost. 

Optical Properties—The aqueous solution of the purified en- 
zyme was colorless and its light absorption curve was that of 
simple protein with a peak at 278 mu. The ratio of Eosomp, to 
Ex60myp Was 1.58. 

Activation and Inhibition—The enzyme preparation exhibited 
a metal ion requirement for optimal activity after it had been 
dialyzed, first, for 24 hours against neutral 10-* m ethylenedia- 
minetetraacetate, and then for 2 hours against water. The op- 
timal concentration of MgSO, appeared to be about 10-* m when 


4 Evidence for the formation of these deoxynucleotides was 
obtained by the use of paper chromatography and the enzymic 
assay method. In the latter, reaction of dATP with glucose oc- 
curred, as indicated by the formation of TPNH. It is uncertain 
whether or not this phosphorylation is mediated directly by yeast 
hexokinase. 
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TaBLeE III 


Effect of silver treatment on adenylate kinase activity 
of homogenates from various sources 


All numbers refer to micromoles of ATP formed per milliliter 
of homogenate per minute at 25° and pH 7.4. 


| Assay methods 


Homogenates* Rll Cage ee, 
| Enzymic assay P82 method 

Rabbit muscle | — | 31.4 42 

oF | 0.1 0.02 
Swine muscle..... — _ | et 12.4 

+ | O32: 3 0.1 
Swine liver — | 3.2 | 3.7 

<2 2.8 3.4 
Calf liver _ 3.6 3.2 

a 2.9 3.3 


* Homogenates, both treated and untreated, were centrifuged 
at 1000 X g for 5 minutes to remove coarse particles before assay, 





the initial ADP concentration was 2 X 10-?m. MgNOs or mag- 
nesium acetate was as effective as MgSO, when employed at 
equimolar concentration. 

AgNOs, HgCl., or p-hydroxymercuribenzoate at 10-4 m and 
N-ethylmaleimide at 10-? m did not show more than 20% inhibi- 
tion of the purified enzyme. Neither the addition of cysteine 
nor dialysis enhanced its activity. The latter tended to inacti- 
vate the enzyme. In the inhibition experiments, the dialyzed 
enzyme solution and the inhibitor were preincubated for 10 
minutes at room temperature before the addition of other con- 
stituents. 

Other Observations—The resistance to silver ion and other 
sulfhydryl group binding agents seems to distinguish the ATP- 
AMP transphosphorylase of swine liver from the myokinase of 
rabbit muscle. It was of interest to know whether these differ- 
ences in properties were unique features of the enzymes derived 
from the separate tissues or if they were dependent on the species 
of animals in which they occurred. Some comparative studies 
were done to test this question. Homogenates of liver and 
muscle were prepared from different animals. A portion of each 
homogenate was then subjected to the first silver treatment step 
as described for the purification of the enzyme from swine liver. 
The treated and untreated homogenates were then adjusted to 
equivalent volumes. Coarse particles were removed by centrif- 
ugation at 1000 x g for 5 minutes, and the supernatant fluids 
were assayed. 

As shown in Table ITI, the adenylate kinase activity of muscle 
from the rabbit or the hog was almost completely removed by the 
silver treatment whereas that of the liver preparations from the 
hog and the calf were essentially unaffected. The differences in 
sensitivity toward sulfhydryl reagents thus appear to depend on 
the nature of the tissue rather than upon the species of animals 
in which the enzyme is present. 


DISCUSSION 


The present studies have led to the purification of an adenylate 
kinase from swine liver which in essence catalyzes only the reac- 
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tions between nucleotides containing adenine as represented in 
Equation 9. 


ATP + AMP = 2ADP (9) 
and the phosphorylation of dAMP by ATP 
ATP + dAMP = ADP + dADP= dATP + AMP (10) 


It is uncertain whether the ATP-AMP transphosphorylase itself 
possesses the latter activity (Equation 10) or if the preparation 
is contaminated with a specific deoxyadenosine phosphate trans- 
phosphorylase. Nevertheless, the present preparation catalyzes 
the reaction between ADP and dADP at a rate about 20% of 
that with ADP alone, and of ATP and dAMP at about 50% of 
that with ATP and AMP. In contrast, the rate with dADP 
alone is so low that it appears to be unlikely that deoxyadenosine 
phosphates merely replace all of the functions of the correspond- 
ing ribonucleotides in Reaction 9 or 10. 

It is not clear whether the ATP-AMP transphosphorylase from 
swine liver is similar to an enzyme which has been reported to 
occur in rabbit liver by Kotelnikova and Dovedova (21). The 
enzyme from rabbit liver was reported to be precipitable from 
20% ethanol. However, when ethanol precipitation was at- 
tempted in certain stages of purification of the swine liver enzyme, 
the activity was found to remain in the supernatant solution at 
this concentration of ethanol. 

It seems likely that the specific ATP-AMP transphosphorylase 
accounts for the residual activity with AMP of the purified ATP- 
nucleoside monophosphate transphosphorylase (Equation 2) of 
Strominger et al. (5); because, although the ATP-nucleoside 
monophosphate transphosphorylase activity is absent from liver 
homogenates treated with silver nitrate, the adenylate kinase 
activity of the homogenates is virtually unimpaired by treatment 
with this metal ion. However, the nucleoside triphosphate- 
AMP transphosphorylase activity (6) (Equation 3) of such prep- 
arations is intact after the addition of silver ion (1). Studies are 
in progress to determine whether preparations of this enzyme 
retain ATP-AMP transphosphorylase activity upon further 
purification. 

The ATP-AMP transphosphorylase from swine liver exhibited 
various characteristics different from muscle adenylate kinase 
aside from its lesser stability to heat and acid which were re- 
viewed previously by Colowick (2). Crystalline muscle adenyl- 
ate kinase was found to react with CDP, which was interpreted 
to mean that the substrate specificity of the muscle enzyme re- 
quired the presence of a 6-amino group in the bases of reactive 
nucleotides (8). In contrast, the purified ATP-AMP transphos- 
phorylase from swine liver did not lead to a reaction with cytosine 
nucleotides, either with CDP alone or significantly with the 
combinations ATP + CMP, CTP + AMP, or ADP + CDP. 
It is also noteworthy that myokinase possesses reactive sulfhy- 
dryl groups which have been correlated with the enzymic activity 
of the protein (8, 22). The relative insensitivity of the ATP- 
AMP transphosphorylase from swine liver, at the present state 
of purification, to such sulfhydryl binding agents as p-hydroxy- 
mercuribenzoate and silver ions suggests that such a group(s) 
does not fulfill the same function in this enzyme. 


SUMMARY 


1. An adenosine triphosphate-5’-adenosine monophosphate 
transphosphorylase has been purified from swine liver. Prepara- 
tions have been obtained which catalyze the formation of 10 to 
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40 umoles of adenosine triphosphate from adenosine diphosphate 
per mg of protein per minute at 25° and pH 7.4. This represents 
a purification of 250 to 660-fold over the initial activity of the 
liver homogenate, and an activity yield of about 2%. 

2. This enzyme catalyzes only reactions between nucleotides 
containing adenine. In addition to the reactions between adeno- 
sine phosphates, the present preparation exhibits substantial 
adenosine triphosphate-5’-deoxyadenosine monophosphate trans- 
phosphorylase activity. However, at the present state of purifi- 
cation of the enzyme it is not certain whether the latter is an 
inherent property of adenosine triphosphate-5’-adenosine mono- 
phosphate transphosphorylase. 

3. The adenylate kinase from swine liver differs in various 
properties from the enzyme isolated from rabbit skeletal muscle. 
The enzyme from liver is more easily inactivated by heat and 
acid. It does not react with cytidine diphosphate, and it is 
practically insensitive to inactivation by such sulfhydryl group 
binding agents as p-hydroxymercuribenzoate and silver ion. 

4, A simple method is described for the separation of adenine 
nucleotides and adenine deoxynucleotides by a combination of 
paper chromatography and electrophoresis. 
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The recognition of the control mechanisms through which the 
cell maintains the specific properties of its high molecular com- 
ponents is condemned to being posthumous; it is necessary to 
kill or poison the cell before its way of life can be revealed. It 
is, therefore, not surprising that many of the pathways through 
which the cell accomplishes its integration have remained largely 
speculative. As regards the connection between proteins and 
nucleic acids, some evidence has been produced in the recent past 
pointing to the existence of a close metabolic link between these 
cellular polymers which are presumably all characterized by a 
rigidly specified arrangement of their monomeric constituents. 
It seems probable that the nucleic acids carry, in their primary 
structure, at least part of the information that determines, di- 
rectly or indirectly, the specificity of the protein molecule. 
Hence, it is conceivable that an alteration in the structure of a 
nucleic acid molecule specifying a given protein will produce a 
change in the latter. Were such a process susceptible of closer 
inspection, a better understanding of the mechanisms governing 
the synthesis of both protein and nucleic acid might be attained. 

Of the substances with a profound effect on cellular metabo- 
lism, the 5-fluoropyrimidines are of particular interest in this 
connection. 5-Fluorouracil has been shown to interfere with the 
appearance of the elements of formic acid in the thymine com- 
ponent of nucleic acids (4, 5), presumably by inhibiting the en- 
zyme responsible for the introduction of the methyl group (6); 
it intervenes in the synthesis of ribonucleic acid, as evidenced 
by the blocking of the utilization of uracil or orotic acid as pre- 
cursors of the uracil component of nucleic acids (5, 7-9); it also 
inhibits the enzymic conversion of uracil to uridine (10). More- 
over, this fluoropyrimidine is incorporated into the ribonucleic 
acid of rat liver and spleen and of various mouse tumors (4, 11) 
and, to a considerably larger degree, into the ribonucleic acid of 
Escherichia coli (2) and of tobacco mosaic virus (12). These 
effects made it appear interesting to examine the influence of 
fluoropyrimidines on the synthesis of protein. 

It is with this problem that the present study is concerned; 
dealing with the effect of fluoropyrimidines on several strains of 
E. coli, it extends observations briefly described in a previous 
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Committee, Helsinki. Present address, State Serum Institute, 
Helsinki, Finland. 


report (1) and presents findings on the influence of fluoro com- 
pounds on the synthesis of nucleic acids, total protein, and sey- 
eral inducible and constitutive enzymes in these bacterial strains, 


EXPERIMENTAL PROCEDURE 
Materials 


The strains of H. coli used in the course of these experiments 
included two prototrophs, viz. strains B and ML-308, and two 
mutants received from Dr. E. Borek, viz. the histidine auxotroph, 
K,2 J-2-1, in which 8-galactosidase is a constitutive enzyme, and 
the uracil auxotroph, 63-86, which had been isolated by Dr. B. 
D. Davis of Harvard University. 

Adenine-8-C™ was supplied by Schwarz Laboratories and D1- 
leucine-1-C™“ by Tracerlab, Inc. pD-Serine was obtained from the 
California Corporation for Biochemical Research and o0-nitro- 
phenyl-8-p-galactopyranoside from the Sigma Chemical Com- 
pany. 5-Fluorouracil and the other fluoro derivatives were 
kindly given to us by Dr. J. A. Aeschlimann of Hoffmann-La 
Roche, Inc. 


Methods 


The bacteria were grown at 37°, with aeration by shaking, in 
a salts medium (13) supplemented when necessary with t-his- 
tidine (48 ug per ml) or uracil (20 wg per ml); glucose or glycerol 
at a final concentration of 0.2 or 0.4% served as the carbon source. 

The fluoropyrimidine to be tested in each experiment was 
added to one portion of the cells when the culture was in the 
early logarithmic phase of growth; another portion of the same 
culture served as a control. Immediately after the addition, a 
sample was taken at zero time and the cultures were reincubated 
at 37°; subsequent samples were then taken at various time in- 
tervals. 

A somewhat modified procedure was used in the experiments 
with the uracil-deficient mutant. Logarithmically growing cells 
were harvested, washed twice at room temperature, and resus- 
pended in a medium containing no uracil. The culture was then 
incubated at 37° for 30 to 60 minutes to ensure depletion of re- 
sidual uracil. Additions to the medium were made at the end 
of this starvation period and samples taken as described above. 

The samples were prepared for the analysis of protein and 
nucleic acid by extracting the washed cells twice with cold 7% 
trichloroacetic acid, followed by one extraction with cold ethanol- 
ether (1:3), and two extractions with the same solvent at room 
temperature. The residue was suspended in 5 to 6 ml of 0.1 N 
sodium hydroxide and the suspension kept at 30° for approxi- 
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mately 18 hours. The supernatant solution, separated by cen- 
trifugation from an insoluble residue, served for the analyses. 
The insoluble residue contained no RNA and only a small amount 
of biuret-positive material, about 10% of the total, and may 
represent cell wall material. 

The estimations of protein, RNA, DNA, and radioactivity 
were carried out as described previously (14). The extent of 
incorporation of labeled amino acids into protein was determined 
by measuring the radioactivity in the residue resulting from the 
treatment of the cells with 7% trichloroacetic acid at 95° for 30 
minutes. The uptake of adenine-8-C" by the total nucleic acid 
was measured on the material insoluble in cold trichloroacetic 
acid. Virtually all the activity of labeled adenine is found in 
the nucleic acids, little being incorporated into protein. (Com- 
pare p. 303 of the report by Roberts et al. (15).) 

8-Galactosidase was determined by a modification (16) of a 
previously described procedure (17), except that the enzymic 
reaction was stopped by the addition of 0.2 m sodium carbonate 
rather than acetone. Other methods described in the literature 
served for the measurement of the activities of p-serine dehydrase 
(18), catalase (19), and succinate dehydrogenase (20). 


RESULTS 


Effect of 5-Fluoropyrimidines on the Biosynthesis of 
Protein and Nucleic Acids 


Conditions of Insufficiency—The basic observations are con- 
cerned with the uracil auxotroph, EZ. coli 63-86. In the absence 
of uracil or cytosine, these cells are known to be unable to make 
protein and ribonucleic acid (21, 22). We have found that 5- 
fluorouracil can, to a certain extent, act as a substitute of uracil 
by satisfying, in part, the pyrimidine requirement of this organ- 
ism (1). In addition, the ribonucleic acid of the deficient mu- 
tant, treated with 5-fluorouracil in the absence of uracil, under- 
goes the replacement of about one-fifth of the latter by the fluoro 
compound, as has been shown recently (2). 

The data summarized in Fig. 1 and in Table I extend our 
earlier observations (1) by describing also the effects of 5-fluoro- 
cytosine and of the ribo- and deoxyribonucleosides of 5-fluoro- 
uracil. Exponentially growing cells of the mutant were collected, 
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Fig. 1. Effect of 5-fluorouracil and 5-fluorocytosine on the 
uracil-requiring EZ. coli mutant 63-86 in the absence of uracil. 
The fluoropyrimidines at a concentration of 50 ug per ml were 
added to starved cultures of the uracil auxotroph in medium lack- 
ing uracil. One portion of the culture, to which no addition was 


made, served as control. The initial concentrations are taken as 
1.0. 
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TaBLeE | 


Effect of 5-fluorouracil and of its nucleoside derivatives on 
production of protein, RNA, and DNA by uracil auzotroph 
E. coli 68-86 in absence of uracil 

The fluoropyrimidines were added to the starved cultures of the 
uracil-requiring mutant in medium lacking uracil. At the start 
of the experiment, the actual values, per ml of cell suspension, 
were: protein, 66.9 ug; RNA phosphorus, 2.05 ng; DNA phos- 
phorus, 0.39 ug. All contents found subsequently are expressed 
relative to these initial values which are set at 100. 





| Duration 





te treat-| Protein RNA DNA 
ment 
| 
min 
At start 0 100 100 100 
No addition 65 109 101 118 
120 115 105 141 
195 106 91 136 
5-Fluorouracil (0.08 pmole/ml) 65 139 110 103 


120 182 113 108 
195 204 116 105 


5-Fluorouridine (0.08 umole/ml) 65 155 115 105 
120 178 lll 108 
195 199 115 92 


5-Fluorodeoxyuridine 65 154 109 105 
(0.08 umole/ml) 120 182 108 105 
195 226 114 97 




















| 
| 





washed, and, after resuspension in a medium free of uracil, in- 
cubated at 37° for 30 to 60 minutes, in order to deplete them of 
residual uracil. Separate portions of the culture then received 
the several fluoro compounds which all had similar effects, as 
can be seen. 

When no pyrimidine is present, the auxotroph does not form 
protein or ribonucleic acid, but small amounts of deoxyribonu- 
cleic acid continue to be made (Fig. 1, Table I). The presence 
of a fluoropyrimidine brings about the resumption of protein 
synthesis, so that the amount is about doubled within 3 hours; 
the ribonucleic acid content increases slightly, but by no more 
than 10 to 15%; the formation of deoxyribonucleic acid ceases. 

The effects of 5-fluorouracil and 5-fluorocytosine in doses of 
50 wg per ml are compared in Fig. 1. Table I shows the action 
of 10 wg per ml (0.08 umole per ml) of 5-fluorouracil and of equiv- 
alent quantities of its ribo- and deoxyribonucleoside. The ef- 
fects of the fluoropyrimidine itself were studied in greater detail. 
In concentrations ranging from 1 to 100 wg per ml, results es- 
sentially similar to those mentioned here were obtained, whereas 
0.1 ug per ml or less was ineffective. 

A few experiments were extended to longer periods.! The 
formation of protein was found to level off when the amount had 
approximately doubled. The simultaneous presence of chlor- 
amphenicol (30 wg per ml) completely prevented the synthesis 
of protein. In one experiment, in which the exposure to the 
fluoro compound was continued for 24 hours, the level of ribo- 


1 When cultures of EZ. coli B or of the uracil auxotroph were 
incubated with 5-fluorouracil for long periods, 16 to 24 hours, the 
medium acquired a bright yellow color. The nature of this pig- 
ment is not yet known. 
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Fig. 2. Uptake of leucine-1-C'* and adenine-8-C" by the uracil- 
requiring E. coli mutant 63-86 treated with 5-fluorouracil in the 
absence of uracil. A starved culture of the uracil auxotroph, in 
medium lacking uracil, was divided into three parts. A——A, 
no addition; @——®@, 20 ug per ml of uracil (0.18 umole/ml) added; 
@—@, 50 ug per ml (0.38 uwmole/ml) of 5-fluorouracil added. 
The radioactive precursor was also added at this time. In experi- 
ment A, pt-leucine-1-C'* and unlabeled t-leucine, in a ratio of 
1:300, were added to give a final concentration of 20 ug of leucine 
per ml (3760 c.p.m. per umole based on the amount of radioactive 
L-leucine added); in B, 20 ug per ml of adenine-8-C™ were added 
(specific activity, 12,800 c.p.m. per umole). The results are pre- 
sented as millimicromoles of radioactive precursor incorporated 
per milliliter cell suspension. 


TaBLeE II 


Effect of 5-fluorouracil on production of protein, RNA, and DNA 
by E. coli strain B in absence and presence of other pyrimidines 
Portions of a culture of Z. coli B in early logarithmic phase, 

in a glucose-salts medium, received the stated supplements in 

the following concentrations per ml: 5-fluorouracil, 50 ug (0.38 

umole); thymine, 50 wg (0.4 umole); uracil, 20 ug (0.18 umole). 

At the start of the experiment, the actual values, per mi of cell 

suspension, were: protein, 47.8 ug; RNA phosphorus, 1.75 ug; 

DNA phosphorus, 0.22 ug. See Table I for other explanations. 








Duration 

of treat-| Protein | RNA DNA 

ment 

min 
At start 0 100 100 100 
No addition 30 157 167 155 
90 322 382 287 
180 642 618 627 
5-Fluorouracil 30 131 110 96 
90 172 155 96 
180 183 163 86 
5-Fluorouracil + thymine 30 143 125 118 
90 183 146 123 
180 214 193 145 
5-Fluorouracil + uracil 30 154 175 113 
90 253 344 100 
180 361 594 100 

5-Fluorouracil + thymine + 

uracil 30 141 179 127 
90 243 353 182 
180 426 606 387 
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nucleic acid, rising initially by about 10%, began to decline after 
6 hours. 

An independent confirmation of the results outlined here wag 
sought through a study of the incorporation of two radioactive 
amino acids and one radioactive precursor of nucleic acid. Two 
experiments are shown in Fig. 2. There was a negligible incor. 
poration of adenine-8-C" into the nucleic acids of cells treated 
with the fluoro compound; it amounted to only 2 to 6% of that 
observed in cells grown in the presence of uracil. On the other 
hand, a considerable uptake of leucine-1-C'* by the proteins was 
observed in the presence of 5-fluorouracil. Similar results were 
obtained with phenylalanine-C'“. The differential rate of incor- 
poration of labeled amino acid, 7.e. its uptake in proportion to 
the quantity of total protein formed, was constant and about 
equal to that in the controls grown with uracil. 

Conditions of Sufficiency—The studies of the effect of fluoro- 
pyrimidines on the uracil-requiring organism, outlined in the pre- 
ceding section, were, by necessity, carried out under conditions 
in which growth was no longer possible. It appeared of some 
interest also to investigate the behavior of cells operating under 
conditions of sufficiency. Actively growing cells of E. coli B 
were used; the results of one experiment are included in Table 
II. It will be noticed that 5-fluorouracil completely inhibited 
the synthesis of deoxyribonucleic acid in these organisms. For- 
mation of ribonucleic acid continued for about 14 hours and 
then leveled off. The cells continued to form protein at the 
control rate for about 30 minutes; the rate of synthesis then di- 
minished and subsequently reached a plateau. The quantity of 
protein had about doubled after 3 hours; but the extent of its 
formation was not entirely independent of the physiological state 
of the organisms. It was greater (100% or more new protein) 
when cells at a late stage of exponential growth were treated 
with 5-fluorouracil. When chloramphenicol (30 ug per ml) was 
also present, the synthesis of protein was stopped completely 
but not that of ribonucleic acid. 

Similar results were obtained with other strains of LZ. coli, 
namely, ML-308 and Kj: J-2-1. 

Effect of Extraneous Pyrimidines—The bahavior of the uracil- 
requiring mutant, treated with 5-fluorouracil in the absence of 
uracil, has been described in a preceding section. Another series 
of experiments examined the same organism, but under condi- 
tions of active growth (see Fig. 3). The mutant cells growing 
in a minimal medium supplemented with uracil (20 ug per ml) 
offered the picture shown in Fig. 3A; the addition of 5-fluoro- 
uracil (50 ug per ml) to the same system gave the results illus- 
trated in Fig. 3B. It is evident that the presence of the fluoro 
compound resulted in the complete inhibition of the formation 
of deoxyribonucleic acid. No impairment of the ability to syn- 
thesize ribonucleic acid was apparent; and in the presence of a 
suboptimal uracil concentration (5 wg per ml) 5-fluorouracil ac- 
tually stimulated the formation of ribonucleic acid (Table ITI). 
The formation of protein was reduced by the fluoropyrimidine, 
the rate of synthesis becoming linear; after 3 hours, the quantity 
of protein had increased more than 3-fold. At lower concentra- 
tions of the analogue (10 wg per ml), which reduced the synthesis 
of deoxyribonucleic acid by 75 to 80%, the bacteria continued 
to form protein at nearly the control rate. Thymine (50 ug per 
ml) partially reversed the effect of 5-fluorouracil on the forma- 
tion of deoxyribonucleic acid, but was without influence on the 
synthesis of ribonucleic acid and protein (Fig. 3C). 
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Fig. 3. Effect of 5-fluorouracil on the uracil-requiring strain of 
E. coli 63-86 in the presence of uracil. Portions of a culture of the 
uracil auxotroph in early logarithmic phase, in a glucose-salts 
medium containing 20 ug per ml (0.18 zmole/ml) of uracil, received 
the indicated supplements in the following concentrations per ml: 
5-fluorouracil, 50 ug (0.38 umole); thymine, 50 ug (0.4 umole). At 
the start of the experiment, the actual values, per ml of cell sus- 
pension, were: protein, 75.2 ug; RNA-phosphorus, 1.74 ug; DNA- 
phosphorus, 0.35 ug. 


TaBLE III 
Effect of 5-fluorouracil on production of protein, RNA, and DNA 
by uracil auxotroph E. coli 68-86 in presence 
of suboptimal concentrations of uracil 

Exponentially growing cells were collected by centrifugation, 
suspended in minimal medium free of uracil, and kept for 1 hour 
at 37°. Portions of the suspension then received the stated sup- 
plements. At the start of the experiment, the actual values, 
per ml of cell suspension, were: protein, 52.8 ug; RNA phosphorus, 
1.47 ug; DNA phosphorus, 0.27 ug. See Table I for other explana- 
tions. 








Duration 
of treat-| Protein | RNA DNA 
ment 
min 
At start 0 100 100 100 
Uracil (5 ug/ml) 70 220 272 219 
135 231 248 278 
200 269 250 311 
Uracil (5 ug/ml) + 5-fluoroura- 
cil (50 pg/ml) 70 157 242 122 
135 193 357 122 
200 197 377 108 

















Studies were carried out on the wild type F. coli, strain B, 
and the effect of pyrimidine supplements on the action of 5-flu- 
orouracil is shown in Table II. Thymine alone had little in- 
fluence on the formation of protein and ribonucleic acid by the 
organisms treated with the fluoro compound, but it permitted 
the synthesis of some deoxyribonucleic acid. In contrast, the 
addition of uracil did not overcome the inhibitory effect of 5-flu- 
orouracil on the formation of deoxyribonucleic acid, but stimu- 
lated that of ribonucleic acid and of protein, the synthesis of the 
latter again being linear. The amount of ribonucleic acid formed 
usually equaled, and occasionally surpassed, that in the control 
to which no fluoropyrimidine had been added. The combination 
of thymine and uracil enhanced the effect of thymine on the 
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production of deoxyribonucleic acid and that of uracil on the 
formation of protein, although the values afforded by the un- 
treated controls were not reached. The synthesis of ribonucleic 
acid, on the other hand, did not differ from its normal rate. 


Effect of 5-Fluorouracil on the Formation of Specific Proteins 


The discovery that, under proper conditions, the organisms 
were able, in the presence of a fluoropyrimidine, to continue the 
synthesis of protein despite an almost complete inhibition of nu- 
cleic acid formation prompted an inquiry into the kind of protein 
so produced. For this reason, the appearance in such systems 
of proteins endowed with specific biological properties was stud- 
ied. The activities of several enzymes, both inducible and con- 
stitutive, were followed in cells treated with 5-fluorouracil. 

The activity of two constitutive enzymes, succinate dehy- 
drogenase and catalase, was found to increase (Fig. 4) when 
the uracil-requiring EZ. coli mutant was forced to use 5-fluoro- 
uracil as a substitute for uracil. The rates of the increase in 
activity of the two enzymes apparently were not identical. The 
augmentation of dehydrogenase activity was similar to the in- 
crease in total protein found in the fully supplemented system 
in the absence of inhibitor (compare Fig. 44 and Fig. 3A); the 
increase in catalase paralleled that of total protein in the inhibited 
system (compare Fig. 4B and Fig. 1B). 

A different response to 5-fluorouracil was given by the same 
uracil auxotroph as regards the formation of the inducible en- 
zyme {-galactosidase. This enzymic activity could not be in- 
duced in unadapted cells (Fig. 5A), nor could an increase in 
activity be recorded in cells previously adapted to lactose (Fig. 
5B). The addition of 5-fluorouracil to the same organism grow- 
ing exponentially in a medium containing uracil also strongly 
inhibited the induction of B-galactosidase (Fig. 6). 

The induction of 8-galactosidase activity in E. coli, strain B, 
was similarly affected by 5-fluorouracil. When lactose as the 
inducer and the fluoro compound were added simultaneously to a 
logarithmically growing culture, the differential rate of synthesis 








of the enzyme was greatly reduced as shown in Fig. 7. (If treat- 
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Fic. 4. Formation of succinate dehydrogenase and catalase by 
the uracil-requiring strain of EZ. coli 63-86, treated with 5-fluoro- 
uracil in the absence of uracil. A starved culture of the uracil 
auxotroph, in medium lacking uracil, was divided into two parts, 
@—®@, no addition; B——, 50 ug per ml (0.38 wmole/ml) of 5- 
fluorouracil added. Enzyme assays were carried out on samples 
removed at the intervals indicated. The results for succinate 
dehydrogenase are expressed as arbitrary units indicating the 
absorbancy at 480 my resulting from the reduction of triphenyl 
tetrazolium chloride (20); catalase activity is expressed as micro- 
liters of oxygen produced per hour per milliter of cell suspension 
(X 107). 
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ment with 5-fluorouracil preceded by 10 to 15 minutes the addi- 
tion of the inducer, virtually no induction of enzyme activity was 
observed.) Uracil partially reversed the effect of 5-fluorouracil; 
and for 30 minutes, the time at which the first samples were 
taken, the differential rate of synthesis was about the same as 
that of the control, but declined sharply in subsequent intervals. 
Thymine, when present together with uracil and the inhibitor 
gave essentially the same results as uracil alone. Thymine as 
the only supplement, however, had no effect on the inhibitory 
action of 5-fluorouracil. 

Another inducible enzyme, p-serine dehydrase (23), also was 
studied in Z. coli B, as well as in E. coli ML-308. In both in- 
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Fig. 5. B-Galactosidase formation by the uracil-requiring 
strain of EZ. coli 63-86, treated with 5-fluorouracil in the absence of 
uracil. Ezperiment A. Astarved culture of the uracil auxotroph, 
in medium lacking uracil, was divided into two parts; H-—8, 
50 wg per ml (0.38 umole per ml) of 5-fluorouracil; @——®@, 
20 wg per ml (0.18 umole per ml) of uracil. Lactose, 0.2%, was 
also added at this time to induce the enzyme. Experiment B. 
Experimental conditions were the same as those for A, except 
that the cells were grown in the presence of 0.2% lactose from the 
start of the experiment. The results are presented as micromoles 
of o-nitrophenol formed per hour per milliter of cell suspension 
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Fig. 6. Effect of 5-fluorouracil on 6-galactosidase formation by 
the uracil-requiring strain of E. coli 63-86, in the presence of 
uracil. A culture of the uracil auxotroph in early logarithmic 
phase, in a glycerol-salts medium containing 20 ug per ml (0.18 
ymole per ml) of uracil, was divided into two portions; @——®@, 
no further addition; B——48, 50 ug per ml (0.38 umole per ml) of 
5-fluorouracil added. Lactose, 0.2%, was added to both to induce 
the enzyme. Samples were then removed at intervals for assay 
of enzyme and of total protein. The results are presented as a 
differential plot in which 8-galactosidase activity, expressed as 
micromoles of o-nitrophenol formed per hour per milliliter of cell 
suspension, is plotted against the increase in protein, expressed as 
micrograms per milliliter of cell suspension. 
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Fig. 7. Effect of 5-fluorouracil on the formation of 8-galactosi- 
dase by Z. coli B in the absence and presence of other pyrimidines, 
A culture growing exponentially in a glycerol-salts medium was 
divided into five parts. Experiment 1, no addition; Experiments 
2 to 5, 50 ug per ml (0.38 umole per ml) of 5-fluorouracil. Experi- 
ment 8 also contained 50 ug per ml (0.4 umole per ml) of thymine; 
Experiment 4, 20 ug per ml (0.18 ymole per ml) of uracil; Exzperi- 
ment 5, 20 ug per ml of uracil and 50 ug per ml of thymine. Lae- 
tose, 0.2%, was added to each flask to induce the enzyme. The 
results are presented as in Fig. 6. 


TABLE IV 


Effect of 5-fluorouracil on induction of p-serine 
dehydrase in E. coli ML-308 

An exponentially growing culture of E. coli ML-308 (glycerol- 
salts medium) was divided into two parts, one of which received 
50 wg per ml (0.38 umole per ml) of 5-fluorouracil. After 5 min- 
utes, 300 ug per ml of pL-serine were added to both portions to 
induce the enzyme, and samples then were removed for analysis 
at the stated intervals. Protein increased during the experiment 
from 92 to 145 ug per ml in the portion treated with the fluoro 

compound and from 94 to 229 wg per ml in the control. 











Enzymic activity 
Duration of treatment with 
inducer 
5-Fluorouracil | No addition 

min mumole pyruvic acid/min/ml culture 

0 2 1 
15 4 5 
30 4 | ll 
60 3 30 
90 4 | 45 








stances, the induction of enzymic activity by DtL-serine was 
suppressed by 5-fluorouracil. An example is shown in Table IV. 

8-Galactosidase was also studied in two E. coli strains, in which 
it occurs as a constitutive enzyme, viz. ML-308 and Ky, J-2-1. 
In both cases, no further rise in enzymic activity was seen in 
the presence of 5-fluorouracil. An experiment of this type is 
shown in Table V. 


DISCUSSION 


The experiments presented here demonstrate that 5-fluoro- 
uracil and the other 5-fluoropyrimidine derivatives examined 
by us interfere with the biosynthesis of both types of nucleic 
acid and of protein in E. coli. The degree and the direction of 
interference are, however, not the same in all instances. To 
take the extreme case, one may consider the uracil auxotroph 
which, unless furnished the pyrimidine, is unable to produce 
nucleic acid or protein. If the minimal medium, insufficient for 
the growth of the mutant, is supplemented with 5-fluorouracil, 
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protein synthesis does occur, although with important qualita- 
tive modifications; deoxyribonucleic acid still is not produced, 
and the formation of ribonucleic acid amounts to no more than 
a minute fraction of what it would be in the presence of uracil. 
It is of interest to note that we are dealing here with an instance 
in which the synthesis of protein is largely dissociated from that 
of ribonucleic acid. The following paragraphs will now consider 
some of the observations. 

As concerns deoxyribonucleic acid, it can be said that the 
presence of the fluoropyrimidine resulted, in all experiments and 
regardless of the bacterial strain, in the complete inhibition of 
synthesis.2 Thymine or thymidine permitted a very limited 
resumption of the synthesis of deoxyribonucleic acid by EZ. coli 
B; 

The effect of the fluoropyrimidine on the formation of ribo- 
nucleic acid is quite different. In the presence of exogenous 
uracil, 5-fluorouracil does not depress the quantity of ribonucleic 
acid formed by the wild strain or by the uracil auxotroph (Table 
II, Fig. 3); it even enhances synthesis by the latter strain at 
suboptimal concentrations of uracil (Table III). There is, how- 
ever, very little ribonucleic acid formed by the uracil-requiring 
strain treated with the fluoropyrimidine when no exogenous 
uracil is supplied (Fig. 1, Table I). The response of the wild 
strain B, growing without exogenous uracil, but under conditions 
in which the synthesis of uracil could have been presumed to 
occur, differs from that of the uracil-requiring mutant growing 
in uracil. (Compare Table II with Fig. 3.) For the control 
rate of synthesis to be reached, even the former strain, when 
treated with the fluorinated analogue, requires the presence of 
exogenous uracil. This suggests that 5-fluorouracil inhibits the 
synthesis of uracil; it may act, as does uracil (26), by repressing 
the formation of enzymes concerned with the biosynthesis of 
pyrimidines. Inhibitory effects of structural analogues on the 


synthesis of the natural product have been noticed repeatedly 


(27-29). 

There is a good reason why 5-fluorouracil cannot entirely re- 
place uracil. It apparently cannot be converted, to any appre- 
ciable extent, to the corresponding cytosine component of ribo- 
nucleic acid. This failure of conversion is borne out by several 
points of evidence. (a) No peak corresponding to fluorocytidylic 
acid could be seen in the elution diagrams, from ion exchange 
columns, of the alkaline hydrolysates of ribonucleic acid prepa- 
rations isolated from cells treated with 5-fluorouracil (2). (6) 
5-Fluorouracil was found to depress the incorporation of uracil- 
2-C" into the uridylic acid, but not its utilization for the cytidylic 
acid, of the bacterial ribonucleic acid (2). (c) When C-"*-labeled 
5-fluorouracil was employed, essentially the entire radioactivity 
incorporated into the ribonucleic acid was found to reside in the 
5-fluorouridylic acid fraction; these experiments will be discussed 
in detail in another context. Whether the absence of fluoro- 


2A decrease in the deoxyribonucleic acid level was, in fact, 
observed frequently in E. coli B treated with 5-fluorouracil (com- 
pare Table II); it became perceptible approximately 90 minutes 
after the addition of the inhibitor and amounted to 15 to 40% of 
the initial concentration. It is undecided whether this is due to 
cell lysis or to a specific breakdown of the cellular nucleic acid. 

*It may be of interest to note that a different situation is en- 
countered when the effect of 5-fluorouracil on the multiplication 
of phage T2 and on the formation of phage nucleic acid in EZ. coli 
B is studied. In this system, the addition of thymidine is con- 
siderably more effective in counteracting the inhibitory action of 
the fluoro compound in regard to the production of phage particles 
(24) and of phage nucleic acid (25). 


J. Horowitz, J. J. Saukkonen, and E. Chargaff 
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TaBLeE V 


Formation of constitutive B-galactosidase 
in presence of 5-fluorouracil 
An exponentially growing culture of E. coli Ki2 J-2-1 (glucose- 
salts medium supplemented with 48 yg per ml of L-histidine) was 
divided into two parts one of which received 50 ug per ml (0.38 
umole per ml) of 5-fluorouracil. Samples were then removed for 
analyses at the stated intervals. Protein increased during the 
experiment from 103 to 200 ug per ml in the portion treated with 
the fluoro compound and from 103 to 494 ug per ml in the control. 





| 








Enzymic activity 
Time 
5-Fluorouracil No addition 
min umole o-nitrophenol formed/min/ml culture 
0 15.6 15.6 
70 16.3 31.0 
120 15.9 40.9 
200 17.2 71.5 








cytidylic acid from the ribonucleic acid is due to the inability 
of the cell to introduce the amino group into fluorouracil or one 
of its derivatives, or to a failure of the incorporation of fluoro- 
cytidylic acid into the polymer, cannot yet be decided. If the 
maintenance of the balance between 6-amino and 6-keto nucleo- 
tides (30) is, as may be postulated, a necessary condition for the 
synthesis of ribonucleic acid, it is understandable that 5-fluoro- 
uracil, though able to act as a uracil substitute with respect to 
the formation of protein, cannot so function as regards the for- 
mation of ribonucleic acid.‘ 

We turn now to a consideration of the synthesis of bacterial 
protein. Although a considerable amount of protein is synthe- 
sized by cells treated with 5-fluorouracil, it is always less than 
that of the control containing no fluoropyrimidine (Tables II 
and III, Figs. 2A and3). The implications for cellular structure 
which this increase in protein under conditions of nucleic acid 
inhibition may have, cannot yet be discussed. However, it is 
most unlikely that we are dealing here with an augmentation of 
cell wall material. Apart from the relatively large quantities of 
protein that are newly formed, the increase in certain enzymes 
to be discussed presently argues against such an assumption and 
so does the inhibitory effect of chloramphenicol observed by us. 

When the proteins formed in the presence of 5-fluorouracil 
were examined in greater detail, it was observed that the activity 
of two inducible enzymes, 6-galactosidase (Figs. 5, 6, and 7) 
and p-serine dehydrase (Table IV), did not increase. In con- 
trast to these findings, the activity of two other enzymes, both 
constitutive, namely, succinate dehydrogenase and catalase, did 
increase (Fig. 4). If these results could have led to the conclu- 
sion that the formation of inducible enzymes was blocked by 
fluoropyrimidines, whereas that of constitutive enzymes was not, 
further study removed some of the incisiveness of this distinc- 
tion. In two strains, in which 6-galactosidase is a constitutive 
enzyme, 5-fluorouracil prevented a further rise in enzymic ac- 
tivity (Table V). This observation, incidentally, indicates that 
the fluoropyrimidine does not act in these experiments by inhibit- 
ing the penetration of the inducer into the cell. 


4 The simultaneous addition of the 5-fluoro derivatives of both 
uracil and cytosine (each in a corcentration of 50 ug per ml) to 
the uracil auxotroph, in the absence of uracil, did not result in 
any appreciable synthesis of ribonucleic acid. There was, in fact, 
no essential change in the findings recorded in Fig. 1. 








3272 


The finding that the activity of two enzymes continued to in- 
crease in the presence of 5-fluorouracil, whereas that of two others 
did not, may be translated into the statement that under these 
conditions certain specific proteins were produced and others 
blocked; an inhibition that could be abolished in part by uracil, 
but not by thymine (Fig. 7). If the evidence of a mediating 
role of certain ribonucleic acids in the determination of the amino 
acid sequence of a given protein is accepted, it does not appear 
farfetched to correlate our various observations by suggesting 
that the replacement of uracil by its fluoro analogue in the ribo- 
nucleotide polymers incapacitates certain ribonucleic acid spe- 
cies, but leaves others unaffected. 

The inhibition of the formation of certain enzymes described 
here may be interpreted in several ways. It could mean that 
no, or very little, protein with the structure of the particular 
enzyme is being synthesized. On the other hand, it could sig- 
nify that a protein is produced which, though generally resem- 
bling the enzyme, is, owing to structural faults, devoid of or 
impaired in enzymic activity. The formation of abnormal pro- 
teins has been suggested in previous instances of interference 
with the metabolism of ribonucleic acid (31-33). The possibility 
that an abnormal 6-galactosidase is formed in cells treated with 
5-fluorouracil is now under investigation. 

It may not be without interest to consider that position 5 in 
the pyrimidine ring appears to occupy a privileged place among 
the nucleotide constituents of the nucleic acids. It carries the 
methyl substituent in thymine and methylcytosine, a function 
that has recently been discussed in a different context (34); it 
carries the hydroxymethyl] group in certain phage nucleic acids, 
and thereby the glucosyl residues attached to this substituent 
(35); it is substituted by ribose in the pseudouridine constituent 
of certain ribonucleic acids (36-38). It is, perhaps, not acci- 
dental that a uracil derivative, presumably hindered in some of 
its required conversions by the fluorine substituent in position 5, 
exerts the far-reaching effects described in this communication 
as well as in other recent papers from this laboratory (24, 25). 


SUMMARY 


The formation of nucleic acid, of total protein, and of several 
enzymes has been investigated in a number of strains of Escher- 
ichia coli treated with 5-fluorouracil. In a few experiments, 5- 
fluorocytosine or the nucleoside derivatives of 5-fluorouracil also 
were employed. It was found that the fluoropyrimidine invari- 
ably inhibited the synthesis of deoxyribonucleic acid. In the 
presence of exogenous uracil, the formation of ribonucleic acid 
was not affected by fluorouracil, the amount formed equaling or 
exceeding that in the control in the absence of the analogue. 
When exogenous uracil was absent, the formation of ribonucleic 
acid continued for a time in the wild strain of EF. coli, treated 
with fluorouracil, but soon leveled off after the amount had ap- 
proximately doubled. Little ribonucleic acid was formed by the 
uracil-requiring strain treated with fluoropyrimidine under these 
conditions. 

5-Fluorouracil could partially replace uracil for the formation 
of protein in the uracil auxotroph, leading to a doubling of the 
amount of protein. The wild strain in the presence of the fluoro- 
pyrimidine continued to synthesize protein for a considerable 
period. 

A closer examination of the proteins formed showed that the 
activity of two enzymes, catalase and succinate dehydrogenase, 
increased, but not that of 6-galactosidase. The induction of 
D-serine dehydrase likewise was blocked by 5-fluorouracil. 


Protein and Nucleic Acid Synthesis in E. coli 
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The occurrence of an enzyme which catalyzes the phospho- 
rylation of uridine with adenosine 5’-triphosphate was first de- 
scribed in extracts from mammalian liver (1) and Ehrlich ascites 
tumor (2), and later in extracts from a variety of different tis- 
sues (3). This enzyme, uridine kinase, was also purified 4- to 
5-fold by Canellakis (1) by ammonium sulfate fractionation of 
rat liver acetone powder extract. The preparation was able 
to phosphorylate uridine with either adenosine 5’-triphosphate, 
adenosine 5/-diphosphate, or inosine 5/-triphosphate. With 
adenosine 5/-triphosphate as phosphate donor, the mono-, di-, 
and triphosphates of uridine were obtained as products. 

The present investigation was undertaken with the aim of 
providing more information concerning the properties of this 
enzyme, especially with respect to its specificity for different 
nucleosides. For this purpose, uridine kinase was purified some 
400-fold over acetone powder extracts from Ehrlich ascites 
tumor. After purification of the enzyme, the following stoichio- 
metric reaction could be demonstrated : 


Uridine + ATP — UMP + ADP (1) 


Out of 19 nucleosides tested, the enzyme reacted only with 
uridine, cytidine, 5-fluorouridine, 5-fluorocytidine, and 6-azauri- 
dine. With GTP or ITP instead of ATP, the reaction rate de- 
creased to about one-fourth. CTP or UTP could not substitute 
for ATP. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Uridine-2-C™ was prepared enzymically as described earlier 
(3). Cytidine-H* was purchased from the Schwarz Labora- 
tories, Inc. UMP-2’,3’-2-C was prepared from RNA-C" ob- 
tained by incubating ascites tumor cells with uracil-2-C™ as de- 
scribed earlier (2). Nonlabeled nucleosides and nucleotides 
were bought from the Sigma Chemical Company. 5-Methyluri- 
dine, 5-fluorocytidine, 5-methyleytidine and 1-8-p-xylofuranosy]- 
thymine were generously donated by Dr. Jack J. Fox. 6-Aza- 
uridine, 5-iododeoxyuridine, and orotidine were kindly supplied 
by Dr. R. E. Handschumacher. 5-Fluorouridine and 5-fluorode- 
oxyuridine were obtained through the courtesy of the Hoffmann- 
La Roche Company. 5,6-Dihydrouridine was synthesized by 
catalytic hydrogenation of uridine according to Green and 


* This research was supported by grants from the Swedish Can- 
cer Society, the Damon Runyon Memorial Fund for Cancer Re- 
search (Grant No. DRG-470), and from the United States Public 
Health Service (Grant No. Cy 4619). 







3273 


Cohen (4). The purity of the product was checked by its 
ultraviolet characteristics. 5,6-Dihydrouridine-2-C" obtained 
from uridine-2-C' was chromatographed on paper in the borate 
system described earlier (5). All radioactivity was found in one 
spot with the same R,y-value as uridine. Lactic dehydrogenase 
containing pyruvate kinase was a commercial product (“Type 
I”) of the Sigma Chemical Company. Phospho(enol)-pyruvic 
acid was purchased from C. T. Boehringer u. Soehne. DEAE- 
and CM-cellulose were products of the Brown Company, Berlin, 
New Hampshire. 

Electrophoresis in starch gel was performed essentially accord- 
ing to Smithies (6). After electrophoresis, the gel was stained 
for 30 seconds in a saturated solution of amido black 10B in 2.0 
M acetic acid. After being washed in several changes of 2.0 m 
acetic acid, the gel was cut in strips corresponding to the differ- 
ent protein tracks and scanned in an EEL absorbancy scanner. 

Protein determinations were made by the method of Lowry 
et al.-(7). The protein contents of chromatographic fractions 
were determined by measurement of their light absorption at 
280 mu. 

Assay of Uridine Kinase—An isotope method was used for 
enzyme determination during the course of the purification. 
With the purest enzyme preparation it was possible to use a 
spectrophotometric method which measured the formation of 
ADP. 

Isotope Method—Uridine-2-C", 0.5 umole (about 80,000 c.p.m. 
per umole), 15.0 wmoles of ATP, 10.0 umoles of MgCl, 10.0 
umoles of Tris at pH 7.4, and enzyme were incubated in a final 
volume of 0.23 ml for 15 minutes at 37°. The reaction was 
stopped by heating at 100° (3 minutes) and the incubation mix- 
ture was added to the top of a column of Dowex 2-acetate 
(diameter, 0.4 cm; length, 3 em). Uridine-2-C™ was eluted 
with water in a total volume of 15 ml. Labeled uridine phos- 
phates were then eluted with 15 ml of 1 M ammonium acetate-4 
M acetic acid. Aliquots of each fraction were plated and their 
radioactivities determined at infinite thinness in a Tracerlab 
Sc-18 windowless flow counter.! From the values, the percent- 
age of phosphorylation of uridine could be calculated. The 
amounts of uridine phosphates formed under these conditions 
were over a wide range proportional to the amounts of enzyme 
added (Fig. 1). One unit of activity was defined as the amount 
of enzyme producing 1 wmole of UMP under the above condi- 


tions. Specific activity was defined as enzyme units per mg of 
protein. A time curve of the enzyme reaction is shown in 
Fig. 2. 


1 When tritium-labeled compounds were used, radioactivity was 
measured in a Frieseke u. Hoepfner, windowless flow counter. 
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Fic. 1. Enzymatic formation of UMP from uridine. Standard 


conditions as described in text for isotope method. 
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Fic. 2. Time curve of uridine kinase action. Standard condi- 
tions with isotope method. 
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Fia. 3. Time curve of uridine kinase action as followed by the 
spectrophotometric method at two concentrations of enzyme. 
The arrows indicate addition of uridine kinase and uridine, re- 
spectively. The initial drop in optical density was observed upon 
the addition of ATP and was probably due to ADP present as 
impurities. @——@, 0.005 ml of enzyme slope = 0.014 per min- 
ute; O——O, 0.010 ml of enzyme slope = 0.027 per minute. 


Spectrophotometric Method—This assay was based on the de- 
termination of ADP according to Kornberg and Pricer (8). In 
the presence of an excess of lactic dehydrogenase, pyruvate 
kinase, phospho(enol)pyruvic acid, and DPNH, ADP is quanti- 
tatively converted to ATP with the simultaneous stoichiometric 
oxidation of DPNH: 


Uridine + ATP — UMP + ADP (2) 
Phospho(enol)pyruvic acid + ADP — pyruvate + ATP (3) 
Pyruvate + DPNH + H* — lactate + DPN (4) 


Thus, disappearance of DPNH, as measured by a decrease in 
absorbancy at 340 mu, is a direct measure of uridine kinase 
activity. The incubation mixture contained 0.04 ml of 0.01 m 
DPNH, 0.10 ml of 0.01 m phospho(enol) pyruvic acid, 0.01 ml of 
lactic dehydrogenase containing pyruvate kinase (« 0.1 mg of 
protein), 0.03 ml of m KCl, 0.06 ml of m MgClo, 1.70 ml of Tris 
(0.05 m, pH 7.4), 0.02 ml of 0.1 m ATP, 0.02 ml of 0.1 m uri- 
dine, and enzyme to a final volume of 2.00 ml. The whole test 
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system was made up in a quartz cell. The reaction was initi- 
ated by the addition of uridine and the decrease in optical den- 
sity at 340 my was followed in a Zeiss spectrophotometer. The 
average density decrease per minute during a 10-minute interval 
was determined in each run. Blank runs, in which uricine, 
ATP, or enzyme were omitted, usually gave no significant 
change in optical density during a time period of 15 minutes, 
A small decrease in A349 was sometimes observed in the absence 
of uridine, which was then corrected for by subtraction from 
the final value. In a series of determinations with 10, 20, 30, 
and 40 ul of purified enzyme, the respective AA values of 1.48, 
1.49, 1.48, and 1.43 per minute and per ml of enzyme were 
found. A time curve of the spectrophotometric procedure with 
two different enzyme concentrations is demonstrated in Fie. 3. 


RESULTS 


Purification of Enzyme 


In earlier work (3), the tissue concentrations of uridine kinase 

were determined in various mouse and rat tissues. The Ehrlich 
ascites tumor gave by far the highest value of the tissues stud- 
ied. In conformity with these results, the starting material for 
the purification of the enzyme was an acetone powder of the 
thrlich ascites tumor. This tumor was obtained through the 
courtesy of Professor G. Klein, Department of Tumor Biology, 
Karolinska Institutet, Stockholm, Sweden. Relatively large 
amounts of the tumor could be obtained by injection into 200 
to 300 mice of 10’ cells per mouse. In preliminary experiments 
it was found that the tumor showed highest concentrations of 
enzyme between 9 and 11 days after inoculation and this time 
period was therefore chosen for harvesting the tumor. About 
750 ml of blood-free, slightly viscous ascitic fluid were usually 
obtained from 200 mice. The preparation of acetone powder 
from ascites tumor cells has been described earlier (2). The 
yield of powder from 75) ml of ascites tumor was about 30 g. 
It could be stored in a desiccator at —20° without appreciable 
loss of activity during 1 to 2 months. 

Preparation of Crude Extract—All operations were carried out 
at 0-4°. Acetone powder, 20 g, was extracted with 200 ml of 
0.02 m Tris-maleate buffer at pH 6.5. The extraction was per- 
formed in the plastic tubes of an MSE centrifuge by three treat- 
ments (10-minute intervals) with a tight fitting plastic pestle. 
After centrifugation at 10,000 x g for 15 minutes, the residue 
was washed once with 20 ml of the same buffer as above. The 
final volume of pooled supernatant solutions was 197 ml. 

Protamine Precipitation—To 195 ml of crude extract were 
added 39 ml of a 10% solution of protamine sulfate (neutralized 
to pH 6.5 with m NaOH). The mixture was left overnight at 
4° and finally centrifuged at 10,000 x g for 30 minutes. Most 
of the uridine kinase activity was found in the precipitate; the 
supernatant solution could be used for the preparation of uridine 
phosphorylase. 

Extraction of Protamine Precipitate—A procedure of frac- 
tionated extraction with buffers of increasing ionic strength and 
decreasing pH values gave a good purification and was used 
initially but was abandoned because of poor yields. In the 
procedure finally adopted, the tough and stringy precipitate 
was extracted with five 23-ml portions of 0.5 mM potassium phos- 
phate buffer, pH 5.4. Each extraction was carried out in 4 
Potter-Elvehjem homogenizer by two treatments at a 10-minute 
interval. Each portion of extract was centrifuged at 10,000 X 
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g for 15 minutes. The final residue was discarded. To the 
pooled extracts, 110 ml, 62 g of solid ammonium sulfate were 
slowly added (80% saturation) while stirring. The precipitate 
was centrifuged off at 10,000 x g for 45 minutes. It could be 
stored at —15° for 1 month with no loss of activity. 

CM-cellulose Adsorption—The preparation obtained by the 
extraction procedure was found to contain protamine, which 
interfered with further purification. The protamine was re- 
moved by batchwise treatment with CM-cellulose. The am- 
monium sulfate precipitate (10.2 g wet weight) from the previous 
step was dissolved in 62 ml of 0.05 mM ammonium acetate buffer 
at pH 8.0. The solution (68 ml) was sometimes cloudy but 
turned clear if the temperature was raised to 13°. To the solu- 
tion were added 5.8 ml of a suspension of CM-cellulose (119 mg 
dry weight per ml, capacity 0.8 meq per g) in the same buffer. 
The CM-cellulose had previously been equilibrated in a column 
with 0.1 M ammonium acetate, pH 8.0. The mixture was al- 
lowed to stand for 30 minutes with occasional stirring and was 
finally centrifuged at 10,000 x g for 15 minutes. 

Ammonium Sulfate Fractionation—The above solution, 63 ml, 
was analyzed for ammonium sulfate (« nitrogen volatile at pH 
10) and found to contain a total of 2.9 g of this salt. More 
solid ammonium sulfate, 12.2 g, was added slowly during con- 
stant stirring to give a final saturation of 40%. The precipitate 
was discarded after centrifugation. Another 4.2 g of solid am- 
monium sulfate were added slowly to the supernatant (66 ml), 
giving a final saturation of 50%. The precipitate obtained by 
centrifugation contained most of the activity. 

Chromatography on DEAE-cellulose—The precipitate obtained 
at 50% ammonium sulfate saturation was dissolved with 6 ml 
of 0.05 m Tris, pH 7.4, and desalted by the gel filtration tech- 
nique of Porath and Flodin (9). To this purpose the protein 
solution was introduced to a Sephadex G-25? column (diameter, 
2.5 cm, length, 16 cm), previously equilibrated with 0.02 m po- 
tassium phosphate, pH 7.4. Protein emerged between 14.5 
and 28.5 ml after elution had been started with 0.02 m phosphate 
buffer, pH 7.4. The void volume (14.5 ml) of the column was 
previously determined with a hemoglobin band. 

The slightly opalescent solution (172 mg of protein) was then 
added to the top of a DEAE-cellulose column (capacity 0.85 
meq per g, diameter, 2 cm, length, 8.6 cm), and allowed to drain 
into the column by gravity. The column had previously been 
equilibrated with 2 liters of 0.02 m potassium phosphate, pH 
7.4. The chromatogram was developed by stepwise elution 
with phosphate buffer, pH 7.4, of increasing ionic strength. 
Six-milliliter fractions were collected and analyzed for absorb- 
ancy at 280 my and for enzyme activity. After an initial wash- 
ing with 0.04 m buffer the enzyme was eluted with 0.08 m buffer. 
A typical chromatogram is shown in Fig. 4. The active frac- 
tions were pooled and concentrated to one-tenth of their volumes 
by evaporation in a vacuum at 0-4° in a flash evaporator with 
a Dry-Ice-cooled vapor trap. The evaporation usually resulted 
in a very small loss of activity although some protein precipi- 
tated. This was removed by centrifugation and discarded. 

The whole purification procedure resulted in a 130-fold in- 
crease of specific activity with a yield of 27%. A summary of 
the purification procedure is given in Table I. The purified 
enzyme could be stored at —15° for 2 to 3 months with occa- 
sional thawing without loss of activity. 
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Fig. 4. Chromatography of uridine kinase (ammonium sulfate 
precipitate) on DEAE-cellulose. Stepwise elution with phos- 
phate buffer at pH 7.4, the concentrations of which are indicated 
along the abscissa. Protein concentrations were determined by 
the extinction at 280 mpg. From the tested fractions (6 ml), a 
0.05 ml sample was withdrawn and analyzed for enzyme activity 
with the isotope method. Continuous curve = extinction at 280 
my. Stepped curve = uridine kinase activity. 
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Purification of uridine kinase from Ehrlich ascites 
tumor acetone powder 








Protein | Specific | Total | Yield 

me % 

Cre ORUEBOE... 6 noo, orc oo caer noe nk 6950 | 0.27 | 1890 100 

Protamine fractionation. ........ 1520 | 0.62 967 51 

CM-cellulose adsorption........| 830 | 1.26] 1040 55 

Ammonium sulfate precipitate...| 172 | 3.1 552 29 
Chromatography on DEAE-cel- 

| aad barca ge oS 4 Day 15 | 34.3 504 27 

















Further Purification by Zone Electrophoresis 


After the previous step, the enzyme solution, 15 ml, was still 
rather dilute (about 1 mg of protein per ml of about 0.8 m phos- 
phate buffer at pH 7.4). After dialysis for 4 hours against 
two 2-liter changes of 0.05 m potassium phosphate at pH 7.4, 
the solution was further concentrated by ultrafiltration to a 
final volume of about 0.4 ml. The preparation obtained was 
then subjected to zone electrophoresis according to Hjertén.* 
For this purpose a suspension of 0.16% agarose in 0.05 m po- 
tassium phosphate buffer at pH 7.4 was used as supporting 
medium. The viscous gel suspension was sucked into a vertical 
column (diameter, 0.9 cm, length, 26 cm). The protein solu- 
tion was pipetted into the column 5 to 7 cm from its top, and 
then covered with a layer of the gel suspension. A current of 
16 ma at a voltage of about 3 volts per cm was applied for 22 
hours. Ice water was circulated through the cooling jacket of 
the column during the electrophoresis. The gel suspension was 
recovered from the column in 55 fractions of about 0.3 ml, and 
aliquots were analyzed for protein and enzyme activity (Fig. 5). 
Under the above conditions the protein moved slowly towards 
the anode (downward). The most active enzyme fractions were 
pooled. The gel particles were centrifuged (20,000 x g, 15 
minutes) and washed twice by centrifugation, with 0.05 m phos- 
phate buffer at pH 7.4 and the supernatants combined. The 


3S. Hjertén, to be published. I am much indebted to Dr. 8S. 
Hjertén, Institute of Biochemistry, University of Uppsala, Swe- 
den, for informing me of the details of this procedure before pub- 
lication and for his generous gift of agarose. 
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Fig. 5. Zone electrophoresis of uridine kinase (chromato- 
graphed on DEAE-cellulose). Protein concentrations were deter- 
mined according to Lowry ef al. (7) in 0.03 ml aliquots withdrawn 
from each fraction. Uridine kinase activity was tested for by the 
isotope method in 0.01 ml aliquots from tested fractions. Con- 
tinuous curve = extinction at 750 my (protein). Stepped curve 
= uridine kinase activity. 


electrophoretic step gave a 3-fold increase in specific activity. 
In one run, 11.5 mg of protein, containing 307 units of enzyme 
activity, were subjected to electrophoresis, whereas 1.7 mg of 
protein and 138 units were recovered. The specific activity in- 
creased from 26.7 to 80.5. The low yield might be due to ad- 
sorption of protein to the agarose. 

The protein from the step above was concentrated by ultra- 
filtration to a final concentration of 2 mg per ml and then sub- 
jected to starch gel electrophoresis in 0.05 m Tris, pH 8.6. The 
protein moved towards the anode. One zone in particular was 
obtained which gave an indication of a second minor component. 
When the same procedure was performed in 0.05 m acetate 
buffer, pH 5.1, the protein moved towards the cathode in one 
sharp zone and one that was more diffuse. 


Properties of Uridine Kinase 


Because of the limited supply of the starting material and the 
low yield during the electrophoretic step, the enzyme after 
DEAE-cellulose chromatography was used in these experiments. 

The stoichiometry of the reaction catalyzed by uridine kinase 
was investigated as follows. An assay mixture containing uri- 
dine-2-C“%, ATP, MgCle, and enzyme was incubated at 37° for 
30 minutes. In parallel control experiments, ADP was sub- 
stituted for ATP in one case, and uridine-2-C omitted in an- 
other. After the reaction was stopped by heating for 3 minutes 
at 100°, the reaction mixture was analyzed by gradient chroma- 
tography on Dowex 2-formate according to Hurlbert et al. (10). 
The results are presented in Table II. It can be seen that equi- 
molar amounts of uridine and ATP were consumed with the 
appearance of equimolar amounts of UMP and ADP. No uri- 
dine di- and triphosphates or AMP could be found in the chro- 
matogram. The small amount of UMP formed when ADP was 
substituted for ATP might be explained either by the presence 
of some ATP as impurities in the ADP preparation or by a small 
residual activity of myokinase in the enzyme preparation. Es- 
sentially, no enzymatic degradation of ATP was observed in the 
absence of uridine. This point was confirmed with the spectro- 
photometric assay method, where the ATP level was observed 
to be constant for 15 to 30 minutes after a minor initial drop. 
This drop was interpreted as being caused by the presence of 
some ADP in the ATP preparation used (Fig. 3). 

Specificity of Uridine Kinase—A number of related nucleosides 
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were tested as substrates for uridine kinase under conditions 
which resulted in good phosphorylation of uridine (Table III). 
Only cytidine, 5-fluorouridine, 6-azauridine, and 5-fluorocytidine 
were found to be active. 

The phosphorylation of uridine-2-C" and cytidine-H?, respec- 
tively, was compared with a crude acetone powder extract and 
with the purified enzyme (Table IV). The activity towards 
uridine was observed to be twice as high as that towards cyti- 
dine with both types of enzyme preparations. 

The specificity of the phosphate donor was tested with UTP, 
CTP, ITP, and GTP. Incubation was performed under stand- 
ard conditions (isotope method) with 0.6 units of purified en- 
zyme. Ten micromoles of test compounds were used. Each 
test run was paralleled by a standard system containing 10 
umoles of ATP. Under these conditions, virtually no UMP was 
formed with UTP or CTP (0.00 and 0.03 umole, respectively), 
The corresponding standard systems (with ATP) gave 0.49 and 
0.47 umole of UMP, respectively. With ITP and GTP, how- 
ever, a significant formation of UMP, 0.12 and 0.11 umole, re- 
spectively, was observed. In further experiments with ITP 
and GTP as phosphate donors, 3.0 wmoles of ADP were added. 
No stimulation could be observed. 

Dependence on Substrate Concentrations—The Lineweaver- 
Burk plots in Figs. 6 and 7 demonstrate the dependence of the 
reaction rate on the respective concentrations of uridine and 
ATP. No inhibition was observed at substrate concentrations 
up to 0.002 m. The apparent Michaelis constants for uridine 
and ATP were 4.8 X 10-5 m and 5.0 X 10-‘ M, respectively, at 
saturation concentrations of the second substrate. Under simi- 
lar conditions, the apparent Michaelis constants for cytidine and 


TaB.eE II 
Stoichiometry of uridine kinase reaction 

Experiment I—2.44 umoles of uridine-2-C (80,500 c.p.m. per 
uM), 5.07 uymoles of ATP, 40 uwmoles of MgCl:, 74 umoles of Tris, 
pH 7.4, and 3.7 units of purified enzyme. 

Experiment II—2.44 umoles of uridine-2-C™ (80,500 c.p.m. per 
uM), 4.93 umoles of ADP, 40 wmoles of MgClo, 74 umoles of Tris, 
pH 7.4, and 3.7 units of purified enzyme. 

Experiment III—5.07 umoles of ATP, 40 wmoles of MgCl:, 81 
umoles of Tris, pH 7.4, and 3.7 units of purified enzyme. 

The final volume was 1.00 ml in all three experiments. Incuba- 
tion was for 30 minutes at 37°. After the reaction was stopped by 
heating at 100° for 3 minutes, the incubation mixtures were chro- 
matographed on Dowex 2 (10). Uridine and UMP were deter- 
mined by measuring radioactivity and the adenine nucleotides 
by their ultraviolet absorption. 

















Experiment No. | Uridine UMP ATP ADP AMP 
uM uM uM uM pM 
I | | 
Added....... 2.44 | 0.00 5.07 0.00 
Isolated...... 0.26 2.03 2.25 2.05 
ris. orsbies | —2.18 | +2.03 | —2.82 | +2.05 
II | 
Added....... | 2.44] 0.00 4.93 | 0.00 
Isolated..... .| 2.29 | 0.12 3.95 0.26 
acai | —0.15 | +0.12 —0.98 | +0.26 
III 
Added....... | 5.07 0.00 0.00 
Tsolated...... 4.72 0.34 0.00 
“GRE Sereree | —0.35 | +0.34 0.00 
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TaBLe III 
Specificity of uridine kinase* 

The tests were performed with the spectrophotometric method 
described under ‘‘Experimental Procedure.’’ Of the test com- 
pound, 2.0 ymoles were used. Results as decrease per minute in 
optical density at 340 my. Activities with test compounds are 
compared to those obtained with uridine in the same experiment. 








Test compound Uridine 
5-Methyluridine....... 0.000 0.052 
5-Fluorouridine......... 0.040 0.050 
6-Azauridine........... 0.047 0.057 
5-Iododeoxyuridine... . . 0.000 0.065 
Deoxyuridine........... 0.000 0.046 
5-Fluorodeoxyuridine. . . 0.000 0.054 
4,5-Dihydrouridine..... 0.000 0.048 
CNN o.oo. s ser pia 0.000 0.058 
CPCNIG Soin, crcg wa sales, s 0.024 0.046 
5-Fluorocytidine........ 0.041 0.049 
5-Methyleytidine...... 0.003 0.051 
Deoxycytidine.......... 0.000 0.048 
Thymidine. ............ 0.000 0.046 
1-8-p-Xylofuranosyl- 

Thy Mie .i:5 036i se sis0s 0.000 0.050 
fe a ee 0.000 0.052 
Deoxyadenosine....... 0.000 0.052 
Deoxyinosine........... 0.000 0.050 
Deoxyguanosine........ 0.000 0.052 
nie gneeneirs, Sears teased 0.000 0.047 
Deoxyribose............ 0.000 0.054 
Ne oe tee 0.000 0.052 
a i A. Re 0.000 0.055 
UMP’. .....210033.04 0.000 0.044 











* UMP-2’,3’-2-C™ was tested as substrate for uridine kinase 
under conditions which resulted in good phosphorylation of uri- 
dine. The reaction mixture was chromatographed on Dowex 
2-formate according to Hurlbert et al. (10). No trace of a pre- 
sumptive uridine diphosphate could be found in the chromato- 
gram. 








TaBLe IV 
Relative kinase activity towards uridine and cytidine 
UMP formed | CMP formed UMP/CMP 
uM uM/uM 
Crude extract......... 0.194 0.094 2.06 
Purified enzyme....... 0.103 0.053 1.94 








The experiments were performed with the isotope method 
described under ‘‘Experimental Procedure.’’ Cytidine-H*, 0.53 
umole, (675,000 c.p.m. per uM) was used instead of uridine-2-C™ 
in the cytidine experiments. The results given are averages ob- 
tained with 0.002 and 0.004 ml of crude extract and 0.08 and 0.16 
units of purified enzyme, respectively. 


5-fluorouridine were found to be 2.3 x 10-5 m and 3.8 x 10-5 
M, respectively. In both these cases, however, an inhibition 
was observed at substrate concentrations larger than 5 X 10‘ m. 

pH Optimum—Uridine kinase exhibits a broad maximal veloc- 
ity between pH 5.5 and 8.0 (Fig. 8). 

Stimulation by Metal Ions—Mgt*+ was required for full enzyme 
activity. The dependence of the reaction rate on the concen- 
tration of Mg++ is shown in Fig. 9. The optimal Mg++ to ATP 
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ratio was found to be between 0.5:1 and 1:1. Mg*+ could be 
replaced partially by Mn++ or Fet++. Thus, incubation under 
standard conditions (isotope method) with 22 x 10-* m, 44 x 
10-* m, and 88 X 10-* m concentrations of Mnt+ (no Mg**), 
gave 55, 69, and 49%, respectively, of the activities obtained 
with corresponding concentrations of Mg++. The correspond- 
ing values for 22 x 10-* m, 44 X 10-* m, and 88 x 10-* m con- 
centrations of Fe*++ were 53, 59, and 37% respectively. Catt 
and Cu*+ were inactive. 

Other Properties of Enzyme—Inhibition of uridine kinase was 
observed with the p-chloromercuribenzoate. This inhibition 
was prevented by glutathione. Experiments were performed 


DAxo 


























memento 
‘ 


6 





Uridine conc initially 


Fic. 6. Dependence of uridine kinase action on uridine concen- 
tration. Standard conditions according to the spectrophoto- 
metric method. Of chromatographically purified uridine kinase, 
1 unit was used. Enzyme activity is plotted on the ordinate as 
decrease per minute in optical density at 340 mu. 
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Fic. 7. Dependence of uridine kinase on ATP concentration 
Conditions as described in the text to Fig. 6. 


5 6 7 6 3 
pH 

Fic. 8. Dependence of uridine kinase activity on pH. Chro- 
matographically purified uridine kinase (1 unit) was incubated 
as described under ‘‘Experimental Procedure” for the spectro- 
photometric method with the difference that 85 umoles of acetate 
buffers were used instead of Tris in the pH interval 4.9 to 5.7, 
Tris-maleate buffers in the pH interval of 5.2 to 8.4, and Glycine- 
NaOH buffers at pH 9.0 and 9.2. pH was always checked in the 
reaction mixture after incubation. 
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Fic. 9. Dependence of uridine kinase reaction on Mgtt-concen- 
tration. Chromatographically purified uridine kinase (0.1 unit) 
was incubated as described under ‘‘Experimental Procedure’”’ for 
isotope method. Versene, 0.3 umole, was further added to the 
mixture represented by the point on the ordinate (no Mg**). 


under standard conditions (isotope method) with 0.14 units of 
purified enzyme. The presence of CMB* in concentrations of 
1.7 X 10-4 and 6.9 X 10-‘ M resulted in 67 and 82% inhibition, 
respectively. The same concentrations of CMB in the presence 
of 0.01 m glutathione gave no inhibition at all. 


DISCUSSION 


The utilization of uracil for the synthesis of RNA-pyrimidines 
represents an alternative pathway to the biosynthesis de novo 
via orotic acid. The uracil pathway occurs in many mammalian 
tissues, and seems to be especially well developed in those tissues 
showing a high growth rate (3, 5). It has gained particular 
interest during recent years in connection with work on growth- 
inhibiting pyrimidine analogues, most of which are active only 
after transformation to the nucleotide stage (11, 12). In mam- 
malian tissues this often involves the participation of enzymes 
of the uracil pathway (13). Uridine kinase is one of the impor- 
tant enzymes in this alternative pathway and it was therefore 
of great interest to study the properties of the purified enzyme. 
Ehrlich ascites tumor was chosen as starting material for the 
enzyme purification for two reasons. Firstly, the study of a 
large number of mammalian tissues revealed that this tissue 
shows the highest uridine kinase concentration (3). Secondly, 
much of the earlier work on the uracil pathway has been carried 
out with this tumor and, especially in connection with the work 
on the development of resistance against 5-fluorouracil (12), it 
became very important to know more about the properties of 
this enzyme. 

The purification procedure was quite simple to run and gave a 
yield of 25 to 30% with good reproducibility. The chromato- 
graphically purified enzyme was virtually free from interfering 
enzyme activities such as myokinase and ATPase, as demon- 
strated by the stoichiometry experiments shown in Table II. 
A considerable degree of purity of the protein after zone electro- 
phoresis was indicated by the results obtained from starch gel 
electrophoresis. The protein moved in two zones at both the 
acid and alkaline side of the isoelectric point. The limited 
supply of the starting material made further purification diffi- 
cult. 

The enzyme showed a high degree of specificity. Thus deoxy- 
nucleosides were not phosphorylated by uridine kinase. With 
respect to the pyrimidine, enzyme activity was limited to the 
ribonucleosides of uracil and cytosine, their 5-fluoroderivatives, 


4 The abbreviation used is: CMB, p-chloromercuribenzoate. 
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and azauracil. The ribonucleosides of thymine and dihydro- 
uracil were not phosphorylated, nor were purine compounds. 

When kinase activities towards uridine and cytidine were 
compared, the same relative rates of phosphorylation were ob- 
served in crude extract and purified enzyme indicating that the 
same enzyme was involved with both nucleosides (Table IV), 
The enzyme had a higher affinity for cytidine than for uridine 
as reflected by the respective apparent Michaelis constants of 
2.3 X 10-5 and 4.8 x 10-5 m. This, together with the lower 
maximal reaction rate obtained with cytidine, is in accordance 
with earlier results from experiments with crude extract (5). 

ATP could to some extent be replaced by either ITP or GTP, 
but not by CTP or UTP. This finding can be interpreted in 
two different ways: (a) ITP or GTP can substitute directly for 
ATP in the enzymic phosphorylation of uridine, but are less 
effective phosphate donors; (6) the enzyme preparation contains 
some nucleoside diphosphate kinase (14) and ADP. When 
ITP or GTP are added, this results in the continuous regenera- 
tion of ATP, which in turn phosphorylates uridine. Nucleoside 
diphosphate kinase seems to be a rather unspecific enzyme (15), 
and the fact that only ITP and GTP, but not UTP or CTP, can 
phosphorylate uridine therefore speaks against the participation 
of this enzyme. Furthermore, addition of ADP, together with 
ITP or GTP, did not further stimulate uridine kinase activity. 
This also is against the participation of nucleoside diphosphate 
kinase. It therefore seems more likely that the experimental 
data should be interpreted to indicate a direct phosphorylation 
of uridine with the two purine nucleotides, ITP and GTP. 

Inhibition of the enzyme by CMB was demonstrated. The 
inhibition was prevented by glutathione and was probably due 
to the interaction of CMB‘ with active SH groups. 

Earlier work has shown a considerable decrease in tissue con- 
centration of uridine kinase in Ehrlich ascites tumor during 
development of resistance against 5-fluorouracil(12). The puri- 
fication procedure for uridine kinase, now available, makes pos- 
sible a closer investigation of the nature of this enzyme decrease. 
Thus it might be possible by immunological methods to decide 
whether a change in enzyme activity or a disappearance of en- 
zyme protein is at work. 


SUMMARY 


Uridine kinase was purified about 400-fold from Ehrlich 
ascites tumor and shown to catalyze the phosphorylation of 
uridine according to the equation: 


Uridine + adenosine 5’-triphosphate — 
uridine 5’-phosphate + adenosine 5’-diphosphate 


The purified enzyme was virtually free of myokinase and 
adenosine triphosphatase activities. Out of 19 tested nucleo- 
sides, the enzyme only reacted with uridine, cytidine, 5-fluoro- 
uridine, 5-fluorocytidine, and 6-azauridine, but not with 5-meth- 
yluridine or deoxyuridine. Uridine was twice as active as cytidine 
in both crude extract and purified enzyme, which indicates that 
only one enzyme is working. The apparent Michaelis constants 
were 4.8 X 10-5 m, 2.3 * 10-5 M, and 3.8 x 10-5 m for uridine, 
cytidine, and 5-fluorouridine, respectively. Inosine 5’-triphos- 
phate and guanosine 5’-triphosphate but not uridine 5’-triphos- 


phate or cytosine 5’-triphosphate could partially replace adeno- { 


sine 5’-triphosphate as phosphate donor. Mg++, which was 
required for activity, could be partially replaced by Mn++ or 
Fett, 





or Whe 


“1m 





Yo. 11 


nydro- 
ds. 
» were 
re ob- 
at the 
e IV). 
uridine 
ints of 
» lower 
rdance 
5). 
r GTP, 
eted in 
tly for 
ire less 
ontains 
When 
genera- 
sleoside 
ne (15), 
rP, can 
‘ipation 
er with 
ctivity. 
osphate 
imental 
rylation 
P. 
d. The 
bly due 


sue con- 
- during 
he puri- 
kes pos- 
lecrease. 
o decide 
ce of en- 


Ehrlich 
ation of 


hosphate 


1ase and 
1 nucleo- 
5-fluoro- 





1 5-meth- 
3 cytidine 
ates that 
constants 
r uridine, 
’triphos- 
’-triphos- 
ce adeno- 
hich was 


Mn‘? or 


November 1960 O. Skéld 
REFERENCES 9. 
. CaNELLAKIS, E. S., J. Biol. Chem., 227, 329 (1957). 10. 


arwnd- 


“10 


. REICHARD, P., AND SKGLD, O., Acta Chem. Scand., 11, 17 (1957). 
. SK6LD, O., Biochim. et Biophys. Acta, 44, 1 (1960). 

. GREEN, M., anp Conen, S. S., J. Biol. Chem., 226, 397 (1957). 
. REICHARD, P., AND SK6LD, O., Biochim. et Biophys. Acta, 28, 


376 (1958). 


. SmiTHIEs, O., Biochem. J.,71, 585 (1959). 
. Lowry, O. H., Rosesrovuen, N. J., Farr, A. L., anp Ran- 


DALL, R. J., J. Biol. Chem., 198, 265 (1951). 


. KornBere, A., AND Pricer, W. E., J. Biol. Chem., 193, 481 


(1951). 


11. 


12. 


13. 
14. 
15. 





3279 


PoraTH, J., AND Ftopin, P., Nature (London), 188, 1657 (1959). 


Hurwsert, R. B., Scumirz, H., Brumm, A. F., anp Porter, 
V. R., J. Biol. Chem., 209, 23 (1954). 

HaNDSCHUMACHER, R. E., AND PasTERNAK, C. A., Biochem. 
et Biophys. Acta, 30, 451 (1958). 


Reicuarp, P., Skéip, O., anp Kiein, G., Nature (London) 
183, 939 (1959). 


SK6LD, O., Biochim. et Biophys. Acta, 29, 651 (1958). 
Bere, P., anp Joxuik, W. K., J. Biol. Chem., 210, 657 (1954). 


Grsson, D. M., AveNaaR, P., and Sanapt, D. R., Biochim. 
et Biophys. Acta, 21, 86 (1956). 









Tue JouRNAL or BioLocicaL CHEMISTRY 
Vol. 235, No. 11, November 1960 
Printed in U.S.A. 


Isolation and Characterization of Protoporphyrin IX 
from Bacterial Catalase* 


STevE Mitier,f Davis Hawkins, Jr., anpD Ropert P. WILLIAMS 


From the Department of Microbiology, Baylor University College of Medicine, Houston, Texas 


(Received for publication, March 7, 1960) 


Catalase has been isolated and crystallized from the bacterium, 
Micrococcus lysodeikticus, but the prosthetic group of the enzyme 
was identified only by indirect means (1). The method described 
by Herbert and Pinsent (1) for the isolation of catalase from 
bacteria employed 78 liters of starting material. This procedure 
could not be applied with equal success when the starting ma- 
terial consisted of only 1 liter of culture medium. The method 
described in the present communication is based on that of Her- 
bert and Pinsent, but includes modifications which permit the 
isolation of relatively pure catalase from 1 liter of culture me- 
dium. Protoporphyrin IX has been characterized as the pros- 
thetic group by isolation of the compound from the purified en- 
zyme. 


EXPERIMENTAL PROCEDURE 


Methods 


M. lysodeikticus strain 2665 was grown in 1 liter of liquid 
medium containing 0.5% Bacto-peptone, 0.5% NaCl, 0.3% beef 
extract, and 0.1% yeast extract. Cultures were harvested after 
incubation at 37° for 48 hours on a shaker (2). The washed cells 
were partially disrupted in a mechanical disintegrator (3), and 
then lysed by treatment with crystalline lysozyme for 4 hours at 
37° (4). 

The early steps in purification of the enzyme were essentially 
those presented by Herbert (4). After the first partition in eth- 
anol and (NH,)2SO,, the lower layer was repeatedly treated with 
absolute ethanol until the layer was colorless indicating a nearly 
complete separation of the catalase. The upper layer and eth- 
anol fractions were combined, shaken for 15 minutes with an 
equal volume of chloroform, and centrifuged. The supernatant 
was dialyzed against several changes of cold distilled water, and 
then fractionated by adding solid (NH4).SO, between the levels 
of 35 and 50%. Each precipitate was removed by centrifuga- 
tion, and then dissolved in water. The fractions were combined, 
extensively dialyzed against cold water, and lyophilized. 

Catalase activity was determined by iodometric titration (5). 
Calculations of the Kat. f. values and turnover numbers were 
carried out according to the procedures of Herbert and Pinsent 
(1). Ultracentrifugal analysis of the enzyme was done in a Beck- 
man Spinco, model E, ultracentrifuge. Lyophilized catalase was 


* This investigation was supported by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice (E-1465), and from the Brown-Hazen Fund of the Research 
Corporation. 

t Postdoctoral fellow in the Department of Microbiology. 


dissolved to a concentration of 57.7 mg per ml in 0.1 m acetate 
buffer at pH 5.6. 

Hemin was split from the enzyme by acetone-HCl treatment 
(6). For comparative purposes hemin also was prepared from 
the hemoglobin of human red blood cells (7). Crystalline hemin 
from the latter preparation was recrystallized from a pyridine- 
chloroform solution (8). 

Protoporphyrin was prepared from bacterial hemin by modi- 
fying the procedure of Fisher and Orth (9). The progress of 
the reaction was followed by examination under an ultraviolet 
lamp with maximal light emission at 3,600 A. When a pink 
fluorescence appeared in the solution, excess iron was removed 
by filtration, and the porphyrin precipitated by the addition of 
saturated NaCl. The precipitated porphyrin was extracted into 
chloroform by repeated treatment, and the combined extracts 
were evaporated to dryness ina vacuum. The method of Ram- 
sey (10) was employed to prepare protoporphyrin from blood 
hemin. All procedures involving preparation of protoporphyrin 
were carried out in darkness except for ultraviolet illumination. 

Further purification of the porphyrin was effected by chroma- 
tography on cellulose powder with lutidine-water (5:3) as the 
developing solvent. Protoporphyrin was dissolved in 2% 
NH.OH, and applied to the column. During development the 
porphyrin zone was detected by its pink fluorescence in ultra- 
violet light. 

The protoporphyrins were esterified by the procedure of Chu 
(11). The dimethylesters were chromatographed on Whatman 
No. 1 paper with the use of the method of Bogorad and Granick 
(12). Melting points were determined with a Fisher-Johns ap- 
paratus, and are reported as uncorrected values. 

Spectrophotometric characterization of the compounds was 
determined in a Beckman model DU spectrophotometer. The 
concentration of bacterial protoporphyrin was determined from 
a calibration curve obtained by plotting optical density at 408 
my against concentration (13). To check the accuracy of the 
calibration curve, a similar curve was constructed with samples 
of protoporphyrin IX prepared from blood hemin. The two 
curves were identical. 


RESULTS AND DISCUSSION 


It proved impossible when working with 1-liter quantities of 
culture material to obtain by previous methods enough enzyme 
to use for isolation of the prosthetic group. Preparation of cata- 
lase by the above procedure produced a greater yield of enzyme 
than could be obtained with other methods (1,4). The increased 
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yield resulted from the elimination of two steps in these methods. 
The steps eliminated were the second partition in ethanol and 
(NH,4)2SO, and the second (NH,4)SO, fractionation, and the in- 
troduction of repeated extractions with ethanol of the lower layer 
appearing after the the first ethanol-(NH,)2SO, partition, as well 
as extensive dialysis of the (NH,)2SO, fraction. The data pre- 
sented in Table I demonstrate that the enzyme prepared by our 
procedure has activity and purity similar to the preparations of 
Herbert and Pinsent (1). 

Crystallization results in about a one-third increase in activity, 
but also considerably reduces the yield of enzyme (4). Catalase 
prepared by our procedure was not crystalline. However, evi- 
dence obtained from ultracentrifugal analyses demonstrated that 
the purity of our preparation was similar to the crystalline en- 
zyme. Samples of our preparation showed a single homogeneous 
component with some heavier and lighter impurities. The heav- 
ier material moved away from the principal component as the 
length of centrifugation time increased. These results are simi- 
lar to those reported by Cecil and Ogston (14) for the crystalline 
enzyme prepared from M. lysodeikticus (1). 

Table II presents the absorption spectra values obtained for 
protoporphyrin and its derivatives prepared from M. lysodeikti- 
cus and human red blood cells. The spectra for hemin were 
determined in pyridine solution; those of protoporphyrin, in 5% 
HCl. Chu and Chu (7) reported maximal absorption values for 
blood hemin of 527 and 557 my. Although these values are not 
in exact agreement with those of Table II, they are within the 
same range. Attempts to further characterize the hemin samples 
by the chromatographic procedures of Chu and Chu (7) were un- 
successful. 

As can be seen from Table II the absorption spectrum of nei- 
ther hemin nor protoporphyrin prepared from bacterial catalase 
was in exact accord with the same substances obtained from he- 
moglobin. Therefore to establish that the two substances were 
identical, and that the compound from bacteria was indeed pro- 
toporphyrin [X, the porphyrins were esterified. Comparisons 
between the dimethylesters are shown in Table II. The paper 
chromatographic Ry values and melting points of the two esters 
are in agreement. The R, values also agree with those presented 
by Bogorad and Granick (12) for the dimethylester of proto- 
porphyrin IX, and the melting point figures are in agreement with 
that reported for the compound (10, 15). 

Since the absorption data indicated that the bacterial pro- 
toporphyrin might not be quite pure, the pure dimethylester of 
the compound was hydrolyzed with 0.6m NaOH. The spectrum 


TaBLeE I 
Activity of bacterial catalase preparations 














Source Kat. f. | Turnover number 

This investigation: 

(NE) 0, TRAGER... 5 ci iv nese 37,170 | 7.5 X 10° 

After dialysis of above............... 71,200 | 14 xX 10° 
Herbert and Pinsent (1): 

First (NH,)2SO, fractionation......... 40,000; 8 xX 10% 

Second (NH,) SO, fractionation....... 62,900 | 12.5 « 10°* 

OPPO oe nn eee ee 95,100; 19 x 10° 





* Not determined in the investigation, but calculated from their 
data and that of Herbert (4). 


S. Miller, D. Hawkins, Jr., and R. P. Williams 








3281 


TaBLe II 


Absorption spectra, Rr, and melting point values of protoporphyrin 
and derivatives 











| | Ry values in solventt 2 
Source | Compound*| Absorption maxima oy 
| A B 
| mu 
Bacterial I 408, 565, 605 
catalase II 409, 557, 600 | 0.81 0.79 | 228.5° 
| 408, 555, 600 
IV 530, 557 
Hemoglobin I 408, 555, 602 
II 409, 555, 602 | 0.82 0.79 | 229° 
III 408, 556, 600 
IV 528, 560 




















*I = protoporphyrin; Il = dimethylester of protoporphyrin; 
III = protoporphyrin obtained by hydrolysis of dimethylester; 
IV = hemin. 

t Solvent A: Kerosene-chloroform (100:65); Solvent B: Kero- 
sene-n-propyl alcohol (100:20) (11). 


of the liberated protoporphyrin then was compared to that of 
protoporphyrin prepared by hydrolysis of esterified material 
obtained from blood. Table II demonstrates that the spectrum 
of the two substances was identical. 

The data presented are evidence that the porphyrin isolated 
from the catalase of M. lysodeikticus is protoporphyrin IX. The 
procedure outlined provides a simple method for isolating 10 to 
15 wg of protoporphyrin IX from the bacterial catalase obtained 
from 1 liter of culture medium. The use of a combination of 
both ethanol extraction and precipitation with (NH,).SO, in the 
purification and isolation of catalase is essential when working 
with small quantities of the enzyme. 


SUMMARY 


A procedure is reported whereby 10 to 15 ug of protoporphyrin 
can be isolated from the catalase obtained from 1 liter of culture 
medium of Micrococcus lysodeikticus. The method included en- 
zymatic lysis of the bacterial cells, (NH4)2SO, and ethanol pre- 
cipitation, ethanol extraction, and (NH4)2SO, fractionation of the 
enzyme. Chromatographic, melting point, and spectrophoto- 
metric analyses carried out on the isolated prophyrin and its 
derivatives demonstrated that the porphyrin prepared from the 
catalase was protoporphyrin IX. 


Acknowledgment—We wish to thank Dr. Allen H. Bartel, De- 
partment of Biology, University of Houston, for assistance in 
carrying out the ultracentrifugal analyses. 
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In 1948, Jorpes and Gardell (1) isolated a by-product from a 
commercial preparation of heparin which showed a positive 
optical rotation but differed from heparin by the presence of 
acetyl groups. They concluded that the substance, which they 
called heparin monosulfuric acid, contained one equivalent each 
of hexosamine, uronic acid, sulfate, and acetyl. Similar mate- 
rial, isolated by Meyer et al. (2, 3) from the liver of a patient with 
amyloidosis and from other tissues, was named heparitin mono- 
sulfate. A product of comparable composition was obtained 
from the urine and tissues of patients with the Hurler syndrome 
(4-7) and from hen oviducts (8). 

In general, this substance has been characterized by the follow- 
ing properties: (a) a high color yield by the Dische carbazole 
reaction for uronic acid; (b) a positive optical rotation; (c) less 
than 1 mole of acetyl per repeating unit; and (d) a variable 
sulfate content with some N-sulfate. This communication will 
present further data regarding the characterization and structure 
of this substance. 


EXPERIMENTAL PROCEDURE 


The methods for hexosamine, uronic acid, nitrogen, and acetyl 
were described earlier (9). The presence of N-sulfate was esti- 
mated by reaction of the partially hydrolyzed polysaccharide 
with dinitrofluorobenzene (10). N-desulfated heparin, used as a 
standard, was prepared by heating with 0.4 n HCl for 100 min- 
utes as described by Foster et al. (10). Reducing sugars were 
determined by the method of Park and Johnson (11). Anti- 
coagulant activity was determined by the method of Waugh 
and Ruddick (12). 

Total sulfate was estimated by the Dodgson and Spencer 
method (13), as modified by Muir (14), except that the benzidine 
sulfate (from 10 to 80 ug of sulfate) was dissolved in 10 ml of 1 
N HCl and absorption was determined directly in the Beckman 
spectrophotometer at 250 mu. 

The heparin monosulfate obtained as a side-fraction in the 
preparation of heparin, was generously supplied by Dr. L. L. 
Coleman of the Upjohn Company. 

Fractionation Procedure—Fractionation was based on the use 
of CPC (15).1 Subfractionation of the initial fractions was also 
accomplished by CPC and salt gradients as well as by ethanol 


* This work was supported by grants from the National Heart 
Institute of the United States Public Health Service (#H-311), 
the Chicago Heart Association, and the National Foundation. 
A preliminary account of this work was presented before the 
American Society of Biological Chemists in Atlantic City, April, 
1959. 


1 The abbreviation used is: CPC, cetyl pyridinium chloride. 


precipitation. 
Fig. 1. 

Heparin monosulfate (sodium salt), 10 g, was dissolved in 1 
liter of 2 m NaCl and 450 ml of 5% CPC* were added quickly 
with stirring. The concentration of NaCl was adjusted to 1.2 m 
by the addition of H,O. The precipitate which formed was 
separated 15 minutes later by centrifugation for 15 minutes at 
1500 r.p.m., and the supernatant solution was clarified by filtra- 
tion with suction through a Celite pad. After the precipitate 
was washed once with 100 ml of 1.2 m NaCl, it was dissolved by 
stirring with approximately 50 ml of 2 m NaCl and the addition 
of ethanol dropwise until the solution cleared. Further addition 
of 2 volumes of ethanol gave a relatively large amount of precipi- 
tate (precipitate A). This material was redissolved in H,O and 
precipitated with ethanol. Traces of CPC were removed by the 
addition of a small amount of charcoal and filtration through 
Celite. Low absorbancy at 260 my indicated the absence of 
CPC. The yield was 2.4 g. All manipulations were carried 
out at room temperature. 

The supernatant solution A from the 1.2 m NaCl precipi- 
tation was diluted with H,O to a NaCl concentration of 0.75 m 
and the precipitate (precipitate B) which formed was collected 
by centrifugation. The polysaccharide was recovered as de- 
scribed above. The yield was 1.9 g. 

The 0.75 m supernatant Fraction B was dialyzed overnight 
against tap water, concentrated to about 40 ml, and 1 volume 
of ethanol was added. The precipitated material was centrifuged 
and gave 1.35 g of supernatant C-1. To the supernatant solu- 
tion were added 2 more volumes of ethanol to give an additional 
precipitate of 1.30 g (supernatant C-2). 

Subfractionation of the initial fractions was achieved by solu- 
tion in 2 m NaCl solution, addition of 2 mg of CPC per mg 
of polysaccharide, and dilution with H,O to various NaCl con- 
centrations. Tables II and III indicate the analyses of the 
subfractions obtained from supernatants C-1 and C-2. 

Oligosaccharide Preparation: Solutions of approximately 0.5% 
of the mucopolysaccharides in 1.5 N HCI were heated in a boiling 
H.O bath for 2 hours. Each hydrolysate was diluted with 2 
volumes of H,O and 1 g of acid-washed Norit was added for each 
40 to 50 mg of polysaccharide. After centrifuging and decanting 
of the supernatant, the charcoal was washed several times with 
H,0 until the chloride concentration in the supernatant was 
negligible. 

Elution of the oligosaccharides was accomplished by the addi- 
tion of 10 ml of 40% ethanol per g of charcoal and warming the 


The scheme of fractionation is illustrated in 


2 Obtained from K & K Company, Long Island City, New York. 
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container in a H,O bath at 70-80° while stirring continuously for 
several minutes. After centrifugation, the elution process was 
repeated. The eluates were pooled and, if necessary, clarified 
by filtration. 


“HEPARITIN MONOSULFATE” 


liom NaCl + CPC 





SUPERNATANT A CPC-COMPLEX 


H,0—> 075M Naci |NaCl, 


ETHANOL 
PPT A 
CPC-COMPLEX 


1 VOL. ETHANOL NaCl, ETHANOL 





SUPERNATANT B 





PPT B 


SUPERNATANT 
2 VOL. ETHANOL 








SUP C-1 
| 


Fig. 1. Fractionation of heparitin monosulfate (Upjohn) 


SUP C-2 


TaBie I 
Fractionation of heparin monosulfate (Upjohn) by CPC at varying 
salt concentration 


























Fraction soa va a Sulfate* Acetyl* |N-sulfatet 
4 
lel, 
Precipitate A...... +40° | 1.60 2.80 0.25 0.90 
Precipitate B...... +44° | 1.37 1.14 0.52 0.58 
Supernatant C-1....| +51° 1.10 0.84 0.68 0.41 
Supernatant C-2....| +39° | 1.42 0.68 0.93 0.16 





* All analyses are expressed as molar ratio with hexosamine 
taken as 1.00. 

+ Determined by dinitrofluorobenzene reaction after hydrolysis 
with 0.04 n HCl for 90 minutes. 























TaB.e II 
Subfractionation of supernatant C-1 
Fraction a, Sulfate* | Acetyl* geal Recoveryt 

laly | % 
Original...........| +51° | 0.84 | 0.68 | 0.41 
eS Sr +67° 1.80 0.71 | 0.38 51 
CSM PHt...... 0000s +65° | 0.74 0.66 | 0.38 26 
eS +60° | 0 0.81 | 0.04 8 





* All analyses expressed as molar ratios with hexosamine taken 
as 1.00. 

+ Fractionation was carried out with 0.60 g in a volume of 200 
ml containing 2 mg of CPC per mg of polysaccharide. 
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TaB.e III 
Subfractionation of supernatant C-2 
Fraction — Sulfate* | Acetyl* |N-sulfate* |Recoveryt 

lel, | % 
Sey +39° 0.68 0.93 0.16 
GiGi Pptess sce. sie +9° 1.38 0.94 0.15 27 
og ee +60° 0.70 0.91 0.16 32 
Supernatant........ +67° 0.34 0.88 0.13 16 

















* All analyses expressed as molar ratios with hexosamines 
taken as 1.00. 

¢ Fractionation was carried out with 0.56 g in a volume of 190 
ml containing 2 mg of CPC per mg of polysaccharide. 


Results 


The use of CPC resulted in the separation of several fractions 
with varying contents of acetyl and sulfate, as shown in Table I. 
The fractions obtained by precipitation with CPC in 1.2 m NaCl 
were found to be principally heparin as indicated by analyses, 
infrared spectrum, and anticoagulant activity.2 Material ob- 
tained after diluting the supernatant solution (A) to 0.75 m NaCl 
corresponded most closely in composition to that which has 
been described as heparin monosulfate (1) or heparitin mono- 
sulfate (2). Further fractionation of the supernatant solution 
(B) with alcohol gave two fractions, supernatants C-1 and C-2. 
These showed progressively lower O- and N-sulfate and higher 
acetyl values. 

Subfractionation of supernatants C-1 and C-2, with use of CPC 
and variations of NaCl concentrations, indicates a lack of 
homogeneity in these fractions. Table II shows the properties 
of subfractions of supernatants C-1. The sulfate content de- 
creased progressively; the last fraction showed little, if any, 
sulfate and had virtually no free amino groups, either before or 
after hydrolysis with 0.04 n HCl for 90 minutes. Fractionation 
of supernatant C-2 (Table IIT) indicates the occurrence of frac- 
tions with high contents of acetyl and varying amounts of sulfate. 
Fractions with low sulfate contents were again obtained. The 
material precipitating with CPC in the presence of 0.6 m NaCl 
had a low optical rotation. This fraction was a mixture since 
approximately one-half of the material was hydrolyzed by 
testicular hyaluronidase. _The conditions of precipitation with 
CPC indicate this is probably chondroitin sulfate rather than 
hyaluronic acid. Free amino groups were present only after 
hydrolysis. 

These results suggest the existence of a family of substances 
which appear to vary in sulfate and acetyl content. Support 
for this conclusion was obtained by fractionation of the crude 
heparin monosulfate with a Dowex 1-chloride column (16). 
Elution with graded concentrations of NaCl produced four princi- 
pal fractions (Table IV). The substances obtained with 1.0 
and 1.25 m 0.0% NaCl solution are especially noteworthy since 
they conform in analyses with the supernatant C-2 and C-1 frac- 
tions, respectively. The optical rotations and compositions of 
the fractions eluted with 1.5 and 2.0 m NaCl solution indicate 
these to be mixtures. Heparin predominates in the material 
eluted with 2.0 m NaCl. 

Extension of these fractionation methods (Table V) to 8 


3 Kindly performed by Dr. Burton J. Grossman. 
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TaBLe IV 


Fractionation of heparin monosulfate (Upjohn) 
with Dowex 1-Cl resin* 




















Nacl | Optical | Uronict | sulfatet | N-sulfatet | Acetylt |Recoveryt 
M lal % 
0.5 +10° 0.71 0.10 0.92 3 
1.0 +51° 1.12 0.66 0.16 0.91 28 
1.25 +52° 1.11 0.86 0.37 0.58 12 
1.5 +28° 1.23 1.85 0.31 0.66 14 
2.0 +27° 1.38 2.80 0.62 0.30 40 














* Polysaccharide, 0.700 g, in30 ml of H2O, was applied to a 35 X 
300-mm column of Dowex 1-Cl- (2X, 200 to 400 mesh). The col- 
umn was washed with 300 ml of H:O and 1 liter of each of the 
NaCl concentrations was used for elution. The flow rate was 1 
ml per minute. 


+ Expressed as molar ratios with hexosamine taken as 1.00. 
¢ Based on uronic acid determination of each fraction. 


heparin monosulfate fraction‘ isolated from liver of a patient 
with the Hurler syndrome also gave fractions with varying 
acetyl and N-sulfate contents. 

It has been reported previously (17) that application of the 
Elson-Morgan reaction to oligosaccharides released on hydrolysis 
permits certain conclusions regarding the position of hexosamine 
substitution. Uronosyl-hexosamine oligosaccharides with C-3 
linkages show a shift in the spectral curve with a maximum at 
510 my instead of that at 535 my obtained with glucosamine or 
derivatives substituted in other than position 3. The 540 to 510 
absorbancy ratio is approximately 0.35 for C-3-substituted 
hexosamine in contrast to 1.35 for free hexosamine and hexosa- 
mine compounds substituted in other positions. 

On the basis of this analytical hexosamine method, a compari- 
son was made of the linkage types present in the various heparin 
monosulfate fractions and heparin. The results of analysis of 
oligosaccharide fractions are shown in Table VI. It is noted 
that heparin, precipitate A, and the supernatant C-1 oligosac- 
charide fractions all have a high 540 to 510 optical density ratio 
and a spectral maximum in the neighborhood of 535 mu, suggest- 
ing the absence of 1 — 3-uronido linkages. In contrast, precipi- 
tate B has a somewhat lower ratio and a slight spectral shift. 
This result indicates contamination with 1 — 3-linked com- 
pounds. The supernatant C-2 fraction shows a definitely lower 
ratio and a spectral maximum at 510 my. This fraction con- 
tains larger amounts of 1 — 3-linked compounds. 

In order to determine the uniformity of linkage type in the 
supernatant fractions linkage analysis was carried out on the 
subfractions. This is illustrated in Table VII. The superna- 
tant C-1 fractions uniformly appear to lack any 1 — 3-uronosyl- 
hexosamine linkages, whereas the fractions from supernatant 
C-2 consist of a mixture. This conclusion agrees with the fact 
that the 0.6 m fraction was hydrolyzed about 50% by testicular 
hyaluronidase and appears, on the basis of its precipitation be- 
havior with CPC, to be a chondroitin sulfate which has been 
reported to contain 1 — 3-uronosyl-hexosamine linkages (18). 
In view of the lower 540 to 510 my optical density ratio the re- 
maining fractions appear also to be contaminated by small 


‘ Isolated by Dr. Andrew E. Lorinez, to whom we are indebted 
for this material. 


J. A. Cifonelli and A. Dorfman 
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amounts of chondroitin sulfate or other mucopolysaccharides 
with 1 — 3-glycosyl-hexosamine linkages. 

The results in Table VI also suggest that the oligosaccharides 
obtained from heparin contain a large proportion of uronic acid 
groups at the reducing end (19, 20). This is indicated by the 
fact that after reduction of the heparin oligosaccharides with 
borohydride, the decrease in uronic acid content accounts in 
large part for the decrease in reducing sugar. 

In contrast to the heparin oligosaccharide fraction which 
showed most of its reducing end groups to consist of uronic acid, 


TaBLeE V 


Fractionation with CPC of heparin monosulfate from liver of a 
patient with Hurler’s syndrome 




















NaCl Be eae bee Sulfatet | Acetyl* |N-sulfate* | Recoveryt 
w lal, % 
1.0 +33° 1.30 0.33 0.66 27 
0.6 +48° 1.27 0.94 0.39 0.56 43 
0.3 +57° 1.00 0.90 0.55 0.36 7 
Sup +13° | 0.84 0.58 0.46 8 








* Expressed as molar ratio with hexosamine taken as 1.00. 
t Fractionation was carried out with 110 mg of material in a 
volume of 60 ml containing 2 mg of CPC per mg of polysaccharide. 


TaBLe VI 
Linkage analysis of heparin monosulfate and heparin 
oligosaccharide fractions 

















Oligosaccharide fraction | — mie (no = sar 
540 mu | d max 
| 510 mp | (mp) 

Precipitate A....... 1.63 0.24 0.75 | 1.24) 530 
Precipitate B.......| 1.52 0.23 0.67 | 0.92 | 525 
Supernatant C-1......) 1.41 | 0.20 | 0.52 | 1.32 | 535 
Supernatant C-2...... 1.09 0.17 0.56 | 0.60 | 510 
pe ee eee 1.48 0.18 0.87 1.40 | 535 
Reduced heparin..... 0.89 0.04 0.07 











* Expressed as molar ratios with total hexosamine taken as 
1.00. 


t Reducing value was determined as glucose. 


Taste VII 
Linkage analysis of oligosaccharides obtained from 
subfractions of supernatant C-1 and C-2 











Elson-Morgan reaction 
a er 

Supernatant C-1 

COMINGS Sp: nsss sich ew itd 1.32 535 

eo Tee aber meee 1.35 535 

OF MMe. nis «exp 1.40 535 

AS fee 1.38 535 
Supernatant C-2 

0 eer ae 0.60 510 

fg” Se ere 0.42 510 

fs eg 0.91 520 

Supernatant............ 0.93 525 
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the supernatant C-2 fraction was made up predominantly of 
material with hexosamine at the reducing end, as indicated by 
the relationship of reducing and hexosamine values after apply- 
ing a correction for the lowered color yield due to the spectral 
shift of the Elson-Morgan reaction product. These findings are 
consistent with the conclusions above that the supernatant C-2 
fraction contains chondroitin sulfate. 

The remaining heparin monosulfate oligosaccharide fractions 
appear to have predominantly uronic acid at the reducing end 
but apparently not to the same extent as the heparin hydroly- 
sates. 

Previous results (17) from the use of the Elson-Morgan reac- 
tion suggested the presence of uronosyl-hexosamine linkages in 
heparin which were not 1 — 3, in contradiction to earlier reports 
(for reviews see 21, 22). Similarly, the heparin monosulfate 
fractions appear also to have other than 1 — 3-uronosyl-hexosa- 
mine linkages. 


DISCUSSION 


The results raise the question of whether the fractions de- 
scribed are mixtures of two compounds, each of which contains 
only N-acetyl or only N-sulfate, or hybrid molecules containing 
both groups, as suggested by Brown (5) and Linker et al. (3). 
That these fractions represent hybrid molecules is supported by 
the results obtained from fractionation with both CPC and 
Dowex 1-chloride. Furthermore, fractional precipitation with 
alcohol of N-desulfated supernatant C-1 and precipitate B and 
their dinitrophenyl derivatives did not give fractions free of 
N-acetyl. 

The structural relationship of heparin monosulfate to heparin 
is apparent from positive optical rotation, the high carbazole 
values, the absence of 1 — 3-uronosyl-hexosamine linkages, the 
hydrolysis pattern, and the presence of N-sulfate groups. The 
possible physiological significance of heparin monosulfate is 
important. This substance is deposited and excreted in large 
amounts in the Hurler syndrome (4-7). The metabolic defect 
in this syndrome is not known but the inheritance of the syn- 
drome suggests that it is due to a single genetic defect. These 
facts raise the possibility that the excretion of heparin monosul- 
fate results in a relative block in its further sulfation. Since 
the amino groups that are not N-sulfated contain N-acetyl 
groups, the possibility arises that N-sulfation occurs by an ex- 
change reaction between acetyl and sulfate. Korn (23) has 
obtained an enzyme preparation from a mast cell tumor which 
adds radioactive sulfate to heparin. The extent of sulfation is 
low and could be explained by substitution of small numbers of 
residual acetyl groups. N-sulfated polysaccharides could thus 
be formed by polymerization of N-acetylated nucleotides followed 
by substitution of N-acetyl by N-sulfate groups. Such a mecha- 
nism is consistent with the known mechanism of formation of 
hyaluronic acid from acetylated uridine nucleotides (24). 

A deficiency of such a sulfation reaction in the Hurler syndrome 
leaves unexplained the excretion and deposition of chondroitin- 
sulfuric acid-B in certain of the patients with this syndrome. 

Whatever the mechanism of origin, the data in this paper 


Properties of Heparin Monosulfate 
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suggest that there is a family of compounds related to heparin 
which are included in fractions previously called heparitin mono- 
sulfate or heparin monosulfate. 


SUMMARY 


Heparin monosulfate may be separated into fractions with 
varying compositions. One of the fractions is similar to heparin 
in composition, infrared spectrum and anticoagulant behavior. 
A second fraction has a composition similar to that reported for 
heparitin monosulfate. Other fractions were obtained which 
contain lower O- and N-sulfate and higher acetyl contents. 

Linkage analysis indicates that heparin as well as the heparin 
monosulfate fractions do not contain 1 — 3-uronosyl-hexosamine 
linkages. 

Evidence was also presented that partial acid hydrolysis of 
heparin and heparin monosulfate fractions lead to oligosac- 
charides having at the reducing end mostly uronic acid with 
smaller amounts of hexosamine groups. 

It is suggested that heparin monosulfate may be an inter- 
mediate in the synthesis of heparin. 
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Since the original observations on the presence of 5-hydroxy- 
tryptamine (serotonin) in blood platelets there have been many 
reports on the ability of these blood elements to take up this 
amine (1-10). The early studies of Zucker and Borelli (3), 
Humphrey and Toh (1) and Hardistey and Stacey (2) clearly 
showed that the uptake of 5-hydroxytryptamine by platelets 
resulted in greater concentrations of the compound in the plate- 
let than in the incubation medium. 

Although other amines such as histamine and norepinephrine 
may also be found in the platelets after they are administered 
experimentally (4), in most species, 5HT! is the only physio- 
logically active amine normally present in these cells in large 
quantities. In experiments in vitro, involving incubation with 
small amounts of amine (less than 15 wg per ml), only 5HT and 
norepinephrine are concentrated by the platelet, although a 
large number of amines readily diffuse into the platelet when 
present in high concentrations in the incubating medium (4). 
Hughes and Brodie (5) have used reserpine to separate the trans- 
port system from the diffusion process. This drug which is 
known to release various amines from their tissue depots, is an 
excellent inhibitor of 5HT uptake by the platelet both in vitro 
and in vivo. At low concentrations of 5HT in the medium 
Hughes and Brodie have shown that reserpine inhibits 5HT 
uptake almost completely, although with high concentrations 
of the amine reserpine was ineffective. The authors suggested 
that there are two distinct mechanisms; an active process at 
the cell membrane which is inhibited by reserpine, and a diffu- 
sion process which is insensitive to reserpine. Their kinetic 
data also indicated that the active transport mechanism could 
account quantitatively for the platelet accumulation of 5HT. 

Born and his collaborators have investigated the uptake of 
5HT by platelets (8) with a dialysis technique which showed an 
uptake of the amine by the platelets comparable to that ob- 
served in vivo. This group has also shown that platelets have 
an unusually high concentration of adenosine triphosphate and 
that there is a relationship between the ATP content of the 
platelet and the 5HT content (9). A similar relationship has 
been shown with ATP and adrenaline in granules isolated from 
adrenal medulla (11). The implication in both instances is 
that the cationic amine is linked to the negatively charged nu- 
cleotide. Although a simple binding of 5HT with some com- 
ponent in the platelets, such as ATP, could explain how 5HT 


* A preliminary report of this work was presented at the Inter- 
national Symposium on Blood Platelets, Henry Ford Hospital, 
Detroit, March 1960. : 

‘The abbreviation used is: 5HT, 5-hydroxytryptamine. 
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is concentrated by the platelet, attempts to show such a com- 
plex have failed (5, 7). The characteristics of the uptake of 
5HT by platelets, i.e. Qio value above 2 (2), sensitivity to meta- 
bolic inhibitors, requirement of inorganic ions, and uptake 
against a concentration gradient indicate that a transport system 
is functioning and argue against a simple binding phenomenon. 

Most of the studies referred to above were carried out in a 
plasma medium since in the normal course of isolating platelets 
one obtains a “platelet-rich plasma” fraction. To separate 
platelets from plasma and suspend them in a simple inorganic 
medium requires additional manipulations which may alter 
these fragile elements. However, it was felt that studies in a 
simple well defined medium would provide additional informa- 
tion about this process. 

We have recently investigated the uptake of 5HT by human 
platelets in an inorganic medium and have found that under 
controlled conditions of pH both phosphate and K+ are required 
for maximal uptake and that the K* effect can be inhibited by 
ouabain and other cardiac glycosides (10), known to inhibit 
the active transport of cations in other cells. Some details con- 
cerning the factors affecting the uptake of 5HT by human plate- 
lets in an inorganic medium are presented below. 


MATERIALS AND METHODS 


Platelets were isolated according to the method of Dillard 
et al. (12) with siliconized tubes and Versene as the anticoagu- 
lant. All steps in the isolation of the platelets were performed 
at 3°. The platelet pellets obtained by this procedure were 
allowed to drain well, washed once with cold 0.9% sodium chlo- 
ride solution to remove residual plasma, and finally made up 
to an appropriate volume with the solution. Generally 70 ml of 
blood were collected and the final platelet suspension was made 
up to 17 ml. One milliliter was then used for each incubation. 

The incubations were carried out in 12-ml siliconized centri- 
fuge tubes in a water bath at 37°. The total volume in each 
tube was 2 ml; 1 ml was platelet suspension and the amine 
(made up in isotonic sodium chloride solution and adjusted to pH 
5.5 when necessary) and any other substances added, accounted 
for the second milliliter in each tube. Under these conditions 
platelets were able to bind increasing amounts of 5HT for a 
period of 90 minutes after which time there was a marked de- 
crease in the rate of uptake. The rate of 5HT uptake was al- 
most linear during the first 60 minutes, and this time interval 
was used in the studies presented below. Extremely short in- 
cubations, requiring more sensitive assays, would have been 
needed to obtain exact rate determinations. Microscopic ex- 
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TaBie I 
Protein and 5HT content during washing of platelets in cold 
Platelets were isolated as described in the text. 

















Serotonin Uptake by Platelets 





Protein 5HT SHT/mg Protein 
mg ug ug 

WE UE orcs bee ve o-2 1.84 0.75 0.41 
2) Wield weal. ........... 1.71 0.70 0.41 
3. Second wash.......... 1.57 0.67 0.43 
4. Thind taeh...ii.5225. 6. 1.56 0.58 0.37 
5. Control (kept at 3° for 

ee ee 1.68 0.69 0.41 

TaBLeE II 


Effect of pH and &HT concentration on uptake of 5HT by platelets 
(ug of 5HT per mg of platelet protein) 

The control platelet content was 0.2 ug of 5HT per mg of plate- 
let protein. The incubations contained 1 ml of platelet suspen- 
sion, 100 umoles of K* and phosphate, and the amount of 5HT 
(Column A, 15 wg per ml or Column B, 250 ug per ml) indicated 
above in a total volume of 2 ml. 








pH A | B B/A 
15 ug/ml | 250 wg/mt 

5.7 1.08 1.20 1.12 

6.5 1.40 | 2.04 1.46 

7.4 1.10 4.0 3.6 

8.0 1.00 5.6 5.6 











Taste III 
Effect of K+ and phosphate on 5HT uptake at various pH values 


Each incubation contained 100 wmoles of the indicated buffer. 
The incubations were essentially as described in Table II with 
15 ug of 5HT per ml. 








| 
pH Buffer penne Protein* see 
| ug % 
5.7 0.69 
K* and phosphate 1.08 86 (20) 
6.5 Acetate 0.77 
K+ and phosphate 1.60 95 (6) 
7.4 Tris 0.86 
K+ and phosphate 1.10 33 (8) 
8.0 Tris 0.86 
K+ and phosphate 1.00 8 (6) 














* Values obtained in a typical experiment. 
t Average values from a series of experiments. 
renthesis indicate the number of experiments. 


Values in pa- 


amination of the platelets after typical incubations with or 
without inhibitors revealed no morphological abnormalities. 
Following incubation the tubes were centrifuged in the cold at 
1800 r.p.m. and the supernatant fluid was saved for determina- 
tion of pH. The pellet obtained through centrifugation was 
washed twice with 9 ml of cold 0.9% sodium chloride solution 
(washings were performed by gently suspending the platelet 
pellet), centrifuged and the pellet dissolved? in 1.5 ml of 0.02 n 


? The platelets are lysed under these conditions and a viscous, 
slightly turbid but uniform suspension results. 
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HCl. One milliliter was then removed for 5HT assay (see be- 
low) and 0.1 to 0.2 ml was assayed for protein (13). The inev- 
bations generally contained between 0.7 and 1.5 mg of protein 
depending on the amount of blood drawn and the platelet: yield 
on that particular day. The results are expressed as micrograms 
of 5HT per mg of platelet protein. Since the platelets were 
washed after the incubation and it was realized that each ma- 
nipulation did not yield 100% recovery of platelets it was im- 
portant to determine that the results expressed in terms of 
platelet protein were valid criteria of the 5HT uptake. An 
experiment which shows the validity of this assumption is 
shown in Table I. Although washing of the platelets in the 
cold results in a lower protein yield with each wash, a constant 
ratio of 5HT to protein was obtained indicating that the amine 
was not released in preference to the protein during manipula- 
tion in the cold. 

The 1-ml aliquot removed for 5HT assay was diluted to 2 ml 
with water and the protein was precipitated by the addition of 
0.2 ml of 10% zine sulfate followed by 0.1 ml of 1 N NaOH. 
After centrifugation, 1 ml of the supernatant fluid was assayed 
spectrophotofluorometrically; excitation, 300 my; fluorescence, 
350 my (14). 5-Hydroxytryptophan was assayed similarly. 

After protein precipitation with trichloroacetic acid, final con- 
centration 5%, tryptophan and tryptamine were assayed by 
the method of Hess and Udenfriend (15), histamine by the 
method of Shore et al. (16), norepinephrine by the method of 
Udenfriend and Wyngaarden (17), and lactate by the method 
of Barker and Summerson (18). 


RESULTS AND DISCUSSION 


A. Effect of pH and 5HT Concentration on 5HT Uptake—In 
an inorganic medium, containing 154 wmoles per ml of NaCl, 
and 25 uwmoles per ml of K+ and phosphate, pH was found to 
have a pronounced effect on the amount of 5HT taken up by 
the platelets in relationship to the external level. These results 
are shown in Table II. At pH 5.7 there was little additional 
uptake of 5HT by the platelets when 250 ug per ml of 5HT were 
used as compared to similar incubations containing only 15 ug 
per ml (0.085 umoles per ml). However, as the pH increased 
the rate of 5HT uptake at the lower concentration was not af- 
fected (if anything it decreased at pH 8.0) while that at the 
higher concentration of amine (250 wg per ml) increased mark- 
edly. These findings suggested that at the higher pH values 
(with higher concentrations of 5HT) diffusion of 5HT into the 
platelets was the dominant process. However, at pH 5.7 the 
kinetics of the uptake of 5HT in this system resembled that of 
an enzymatic process, being saturated at low concentrations of 
the amine. 

B. Effect of K+ and Phosphate on 5HT Uptake—When K* and 
phosphate were omitted from the incubation (containing 15 pg 
per ml of 5HT) uptake of 5HT occurred between pH 5.7 and 
8.0, although, as shown in Table III, a significant stimulation 
of 5HT uptake by K+ and phosphate was observed only below 
pH 7.0. The increase in uptake was due mostly to K+ (65% 
of the stimulation) with phosphate having a lesser effect (35%). 
Other ions such as NH,* Lit and Mgt+ (25 uwmoles per ml) were 
without affect. It was also shown that in the presence of K+ 
and phosphate the uptake at pH 5.7 was equivalent to that 
observed in plasma adjusted to pH 5.7. 

C. Specificity of Uptake at pH 5.7—5HT, norepinephrine, 
tryptamine, and histamine were tested at pH 5.7 with and 
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without K+ and phosphate. The latter two amines were not 
taken up to any significant extent over what would be expected 
if only a diffusion process were involved. Norepinephrine has 
been reported to be actively transported by platelets (5, 19, 20), 
and was also found to be taken up by platelets suspended in an 
inorganic medium. As shown in Table IV, its uptake was de- 
pendent on K+ and phosphate, and like that of 5HT was 
inhibited by fluoride (see below). However, in terms of micro- 
grams bound per mg of platelet protein the uptake of norepi- 
nephrine in three experiments was 18, 21, and 24% of that ob- 
served with 5HT. 

A series of amino acids was tested to see if they were concen- 
trated by the platelets. Tryptophan, 5-hydroxytryptophan and 
tyrosine (D, L, and DL isomers) were all found to be taken up 
at pH 5.7. However, the characteristics of the amino acid up- 
take differed from that of 5HT. There was no significant effect 
of K+ and phosphate on the uptake of tryptophan at pH 5.7 
or 7.4, nor was there any inhibition by fluoride (Table V). The 
tryptophan uptake at pH 5.7 was of the same order of magni- 
tude as obtained with 5HT, indicating that in this case, too, 
there was concentration against a gradient.® 

D. Effect of Preincubation and Release of Endogenous 5HT— 
It has been suggested that glucose oxidation supplies the energy 
for 5HT uptake by platelets (7). However, the failure of glu- 
cose to produce a‘marked stimulation in our system indicated 
that, if energy is required for this process, endogenous substrates 
in the platelet were sufficient to satisfy this requirement for 5HT 
uptake. If this were so, an effect of glucose would only be 
shown when the platelet was depleted of endogenous metabo- 
lites. To test this point platelets were incubated for 2 hours 
in the absence of 5HT, following which the amine was added 
and the incubation continued for an additional hour. As shown 
in Table VI, incubation of the platelets in 0.9% sodium chloride 
solution markedly diminished the ability of the platelets to bind 
5HT and the system could not be reactivated by the addition 
of glucose, ATP, succinate, K+ and phosphate. However, if 
the platelets were first incubated in the presence of just K* and 
phosphate a substantial percentage (between 50 and 80%) of 
the initial activity remained. The addition of glucose in place 
of K+ or phosphate had an occasional but not consistent effect. 
The experiments outlined above indicated that in an isotonic so- 
dium chloride medium at 37° the transport mechanism was read- 
ily inactivated. 

It seemed reasonable that under these conditions 5HT might 
leak out of the platelets, if an active transport process were also 
responsible for maintaining the high concentration of the amine 
inside the cell (5). Platelets were incubated at 37° in various 
media for a period of 3 hours and the content of 5HT per mg of 


3 The uptake due to diffusion, when the amine concentration in 
the medium was 15 wg per ml, would be about 0.1 wg of amine per 
mg of platelet protein. The gradient calculations for 5HT are as 
follows: The average incubation contained about 1.0 mg of platelet 
protein or the equivalent of 10 mg of platelets. Assuming a water 
content of 70%, 1 mg of platelet protein would correspond to 
approximately 0.007 ml of water. In most of the experiments the 
5HT concentration of the medium was 15 wg per ml, whereas the 
final 5HT concentration was in the order of 1 wg per mg of platelet 
protein or approximately 150 ug per ml, a concentration ratio of 
10:1. It was also shown that 5HT uptake was essentially the 
same with only 1.5 ug of 5HT per ml as with 15 wg per ml, which 
would raise the ratio to 100:1. With the amount of amino acid 
used (equivalent to 15 ug to ml of 5HT) a concentration ratio 
(10:1) similar to that of 5HT was obtained. 
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TasBLe IV 
Uptake of norepinephrine at pH 5.7 
The incubations (total volume 2 ml) were performed at pH 
5.7 as described for 5HT. Where indicated the following were 
added: norepinephrine, 0.17 wmoles; K+ and phosphate, 100 
umoles; and fluoride, 2 umoles. 





ug of Norepineph- 
rine per mg of 
platelet protein 


System 





Ff ge Saar Renee NCU aes, SAE ayia iee 
Platelet + norepinephrine....................... 
Platelet + norepinephrine + Kt................ 
Platelet + norepinephrine + phosphate......... 
Platelet + norepinephrine + K+ + phosphate... 
Platelet + norepiniphrine + K+ + phosphate + 

fluoride 


eee S5P 
SRERS 








TABLE V 
Uptake of pi-iryptophan at pH 6.7 
The incubations contained 0.170 umoles of pL-tryptophan in a 


total volume of 2ml. 50 umoles of K* and phosphate and 2 umoles 
of fluoride were added where indicated. 








System ug/mg Platelet protein 
Ege ener epveg ie oS ALY artes! Uhe 4 2p 0.05 
Platelet + tryptophan...................... 1.10 
Platelet + tryptophan + K*, phosphate..... 1.07 
Platelet + tryptophan + K*, phosphate + 
TRIOS oo s+ s tiie da bates tae ne oe eee 1.01 








TaBLe VI 
Effect of 2-hour preincubation on 5HT uptake at pH 5.7 


Tubes 1 to 4 were a control 1-hour incubation. Tubes 5 to 10 
were preincubated at 37° for 2 hours before 5HT (0.17 umoles) 
was added and a 1-hour incubation started. During the prein- 
cubation (tubes 8 to 10) or at the time 5HT was added, K+ and 
phosphate (50 uzmoles), glucose (20 zmoles), ATP (2 umoles), and 
succinate (20 uymoles) were also added where indicated. 








Tube | Added at Beginning | Frein- | added after Preincubation | SHT/me 
ug 
1 | Platelet - - 0.35 
2 | Platelet + 5HT = - 1.33 
3 | Platelet + 5HT + _ _ 2.04 
Kr 
4 | Platelet + 5HT + - - 2.59 
K*, phosphate 
5 | Platelet + _ 0.25 
6 | Platelet + K*, phosphate, 5HT} 0.31 
7 | Platelet + Glucose, succinate, | 0.40 
ATP, 5HT, K*, 
phosphate 
8 | Platelet + K* + Phosphate, 5HT 0.86 
9 | Platelet + phos- a Kt, 5HT 0.70 
phate 
10 | Platelet + Kt, 5HT 1.33 
phosphate 


























% SHT RELEASED 








| 








HOURS 


Fig 1. Studies on the release of endogenous 5HT at 37° at pH 
5.7. The control incubation (Curve D) contained platelets in 2 
ml of isotonic NaCl. Curve A: +50 wmoles of K+ and phosphate; 
Curve B: +50 wmoles of phosphate; Curve C: +50 umoles K+; 
Curve E: +50 umoles of K* and phosphate + 2 umoles of fluoride. 


TaBLe VII 
Effect of inhibitors on 5HT uptake 


























% Inhibition 
Inhibitor Gunna PH 5.7 pH 7.4 pH 7.4 
Inorganic | Inorganic | Plasma 
Fluoride 10-4 28 
10-3 85 0 0 
| 10°? 90 80 89 
2,4-Dinitrophenol | 10-5 44 
10-4 65 60 10 
10-3 84 69 30 





Taste VIII 
Effect of glucose on 2,4-dinitrophenol (DNP) and fluoride inhibition 
Control platelets represent endogenous 5HT content in each 
experiment. Standard incubations contained platelets, 5HT 
(0.170 umoles) and 150 umoles of K*+ and phosphate. DNP, 10-4 
M at pH 5.7 and 10-* m at pH 7.4. Fluoride, 10-* m at pH 5.7 and 
10-? m at pH 7.4. 





System pH 5.7 pH 7.4 





| 
| ug SHT/mg protein 


| | GSES areas 0.11 0.25 
Standard incubation.......... | 0.85 1.55 
Standard incubation + DNP. .| 0.35 0.50 
Standard incubation+ DNP + 

glucose (10-2 M)...........| 0.31 1.49 
Standard incubation + fluor- | 

| RSE Sago ks Stil. ee 0.30 0.35 
Standard incubation + fluoride) 

SO” Peer tae Gah eee | 0.19 0.46 








platelet protein was determined. The results are shown in Fig. 
1. In isotonic sodium chloride solution, there was a marked loss 
of 5HT from the platelet which could be retarded by the addi- 
tion of either phosphate or K+ to the sodium chloride solution. 
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Fluoride, on the other hand, enhanced the release of 5HT from 
the platelets. As shown in Table I, 5HT was not released at 3°. 

E. Effect of Metabolic Inhibitors on 5HT Uptake—Sano et all. 
(7) have recently studied the uptake of 5HT by rabbit platelets 
in an isotonic medium. They reported the stimulatory effect 
of both ATP and glucose on 5HT uptake as well as inhibition 
by a wide variety of inhibitors such as 2,4-dinitrophenol, azide 
and malonate. However, the high endogenous level of 5HT in 
rabbit platelets limits the studies that can be done with this 
species since under optimal conditions, uptake of 5HT is gen- 
erally not more than 2 times the control value, as compared to 
5- to 10-fold increases with human platelets. 

Neither glucose nor ATP caused any significant stimulation 
of 5HT uptake by human platelets at pH 5.7, although at pH 
7.4 glucose occasionally resulted in a 20 to 30% stimulation of 
uptake. Experiments with a variety of inhibitors were also 
performed in order to obtain some idea as to whether glycolysis 
or respiration supplied the energy for 5HT uptake. It became 
evident that this system was sensitive to various inhibitors, as 
reported by Sano et al. (7), but that the degree of inhibition de- 
pended on the incubation conditions. In general platelets sus- 
pended in plasma (pH 7.4) were the least sensitive to inhibitors, 
followed by platelets suspended in an inorganic medium at pH 
7.4, while platelets suspended at pH 5.7 showed the greatest 
sensitivity. The effects of fluoride and dinitrophenol are shown 
in Table VII. Fluoride which caused marked inhibition at 
10-* m at pH 5.7, was inactive at this concentration at pH 7.4 
although at 10-* m it was effective at pH 7.4 in an inorganic 
medium as well as plasma. 2,4-Dinitrophenol was active at 
10-* to 10-* m at pH 5.7, less effective at pH 7.4 and hardly 
effective in plasma. It has also been shown that the cardiac 
glycosides (10-5 m) are more effective at pH 5.7 than at pH 
7.4 and inactive in plasma (10). Other compounds which 
produced some inhibition at pH 5.7 at 10-? m were iodoacetate, 
arsenate, arsenite, malonate, azide and cyanide, although none 
of these was very effective at 10-*m. At 10-? m the above com- 
pounds, with the exception of cyanide, were less effective at 
pH 7.4 than at pH 5.7. 

Fluoride and dinitrophenol seemed to be the most active in- 
hibitors at pH 5.7, being effective at reasonably low concentra- 
tions. An interesting observation was that at pH 7.4 the effect 
of dinitrophenol could be reversed by glucose. This was not 
true at pH 5.7 (Table VIII) nor was there any effect of glucose 
on fluoride inhibition at either pH. Neither ribose nor ATP 
could replace glucose in reversing the effect of dinitrophenol at 
pH 7.4. 

F. Lactate Formation and Effect of Anaerobiosis—Under 
the conditions of incubation reported here human platelets were 
able to form between 6 and 20 ug of lactic acid per hour per mg 
of platelet protein. The formation of lactate proceeded equally 
well at pH 5.7 or 7.4 and was not affected by Kt, phosphate, 
glucose, ribose, ATP, or 5HT. Fluoride, 10-* m to 10-? M, in- 
hibited lactate formation by 40 to 80%. 

It has been reported that 5HT uptake proceeds under anaero- 
bic conditions (5) and this point was checked by incubation in 
siliconized Warburg flasks after a 15-minute flush with nitrogen. 
The adequacy of anaerobic conditions was established by show- 
ing that monoamine oxidase activity was inhibited completely 
under these conditions. There was a slight inhibition (10 to 
30%) of 5HT uptake under anaerobic conditions at pH 7.4, 
although no significant effect was observed at pH 5.7. It was 
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thus confirmed that glycolysis could supply most of the energy 
for this process. 


SUMMARY 


The uptake of 5-hydroxytryptamine (5HT; also known as 
serotonin) by blood platelets has been studied in an inorganic 
medium. K+ and phosphate are required for maximal uptake 
at pH 5.7 although these ions have a much smaller effect at 
higher pH values. Other differences were also observed be- 
tween the uptake occurring at pH 5.7 as compared to 7.4, such 
as the effects of 5HT concentration, metabolic inhibitors and 
anaerobiosis. 

Several other amines were tested and in addition to 5HT 
only norepinephrine was found to be taken up by the platelet. 
The characteristics of this uptake were similar to that of 5HT. 
Several aromatic amino acids were also taken up by the platelet, 
but by another mechanism. 

The 5HT uptake system was readily inactivated in 0.9% 
sodium chloride solution at 37° but this could be prevented by 
the addition of K+ and phosphate. Associated with this inac- 
tivation was a release of endogenous 5HT by the platelet. The 
results indicate that the transport system is responsible for 
maintaining 5HT concentrations in the platelet. 
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A previous paper (1) from these laboratories described the 
enzymic conversion of thyroxine and triiodothyronine to their 
corresponding acetic acid analogues. The enzyme system re- 
sponsible for the degradation of the alanine side chain of these 
compounds was found in the mitochondrial fraction of rat kid- 
ney homogenate. It has since been shown to be most active in 
kidney, but to occur also in the mitochondria of liver (2, 3), 
heart muscle (2), and brain (2, 4). 

Further examination of the specificity of this enzyme system 
has shown that in addition to thyroxine and triiodothyronine, 
3,5 diiodothyronine, 3’-iodothyronine, and even thyronine are 
converted to their corresponding thyroacetic acids. This indi- 
cates that the enzyme system is not specific for the substituents 
on the thyronine rings. The main problem which remained was 
to determine the pathway by which the thyronines are con- 
verted to thyroacetic analogues. Attempts to identify inter- 
mediates on this pathway have been unsuccessful, and the syn- 
thesis of possible intermediates was therefore undertaken. The 
biological activity and metabolic conversions of these inter- 
mediates are presented in this paper. 


EXPERIMENTAL PROCEDURE 


Incubation, extraction, and chromatographic techniques were 
similar to those described before (1). The incubation mixture 
consisted of 5 ml of 0.1 m phosphate buffer, pH 7.4, 25 umoles 
of DPN, and 15 ml of sonically treated rat (Sprague-Dawley, 
male, 200 to 250 g) kidney mitochondria. From 1 to 2 mg of 
the substrates were employed. This amount of thyroethanols 
was dissolved in 0.5 to 1 ml of 50% propyleneglycol; the thyro- 
nines were dissolved in 0.5 ml of 0.2 N NasCO;. The incubation 
was carried out in 250-ml Erlenmeyer flasks for 2 hours at 37°. 
After the reaction mixture was extracted with 10 volumes of 
n-butanol-concentrated NH,OH (50:1, volume for volume), the 
concentrated crude material was chromatographed on Whatman 
No. 3MM paper (descending, about 15 hours at room tempera- 
ture) with tertiary amyl alcohol saturated with 6 n NH,OH as 
solvent. The compounds were located on a strip cut from the 
dried paper by spraying with 4-amino-antipyrine reagent (5). 
The main portion was re-extracted from the located area with 
ethanol, concentrated, and rechromatographed to compare with 
authentic samples. 

For purification of radioactive triiodothyroethanol, after chro- 
matography, the dry paper was cut into 1-cm-wide pieces and 
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Health Service and the Office of Naval Research. 


3292 


the activity was counted with a Geiger counter. 
product was rechromatographed as above. 

Commercially available materials were from the following 
sources: DPN, Pabst Laboratories; 4-aminoantipyrine, Eastman 
Kodak; p-methoxyphenylacetic acid, Matheson Company; D1- 
thyronine, Nutritional Biochemical Corporation; 3, 5-diiodo- 
pu-thyronine, Hoffmann-LaRoche; and 3 ,5,3’-triiodothyroacetic 
acid (Triac), Smith, Kline and French Laboratories. Other 
compounds were prepared by established methods: 3/-iodo-p1- 
thyronine (6, 7), 3,5-diiodothyroacetic acid (Diac) (8). 

The synthesis of thyroethanols, by adaptations of the princi- 
ple of Charmers e¢ al. (9, cf. also 10, 11) is presented later in this 
paper. The structure of diiodothyroethanol was confirmed by 
removing iodine from the molecule with hydrogen in the pres- 
ence of Raney nickel. The product, thyroethanol, was identical 
with the alcohol obtained by the LiAlH, reduction of diiodo- 
thyroacetic acid. Thyroacetic acid was prepared from triiodo- or 
diiodothyroacetic acid by the Raney nickel-hydrogen reduction. 
Thyronamine was prepared by decarboxylation ‘of thyronine. 


The main 


RESULTS 


Substrate Specificity of the Thyroxine Degrading System 


It has already been shown (1) that the enzymes of kidney 
mitochondria convert both thyroxine and triiodothyronine to 
their corresponding acetic acid analogues. The alanine side 
chains of 3,5-diiodothyronine, 3’-iodothyronine and thyronine 
itself are also degraded enzymically to form acetic acid ana- 
logues as is shown in Table I. The enzyme reaction extracts 
chromatographed on paper contain two major components de- 
tected with 4-aminoantipyrine. The slower moving materials 
(Spot I) are the added substrates. In each case, Spot II corre- 
sponds in Ry to the expected thyroacetic acid. Since no 3’-iodo- 
thyroacetic acid was available for comparison, the metabolic 
product from 3’-iodothyronine was deiodinated by hydrogena- 
tion. The resulting deiodinated compound migrated at the 
same rate as thyroacetic acid. More rigorous proof of structure 
of these metabolic products was considered unnecessary in view 
of the detailed characterization of the acetic acid derivatives 
produced from thyroxine and triidothyronine (1). 


Pathway of Side-Chain Degradation 


Two possible routes for the degradation of thyronines to thyro- 
acetic acids are depicted in Fig. 1. Decarboxylation via Reac- 
tion 1-a could produce thyronamines which have thyroid hormone 
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TaBLe I 
Enzymic conversion of thyronines and of thyronamine 
to thyroacetic acids 
The values recorded are for two separately conducted experi- 
ments. 























Rr 
Substrate . P 
Spot I Spot Il a: Dyetectie 
3,5-Diiodothyro- 
acetic acid 

3,5-Diiodo-pt-thy- 0.46 0.64 0.60 

ronine 0.48 0.67 0.65 
Thyroacetic acid 

3'-Iodo-pL-thyronine| 0.20 0.32 0.48 

0.22 0.30 
0.48 (after hy- 
drogena- 
tion) 

Thyroacetic acid 

pL-Thyronine 0.29 0.47 0.48 

0.26 0.38 0.38 

Thyronamine 0.95 0.49 0.49 

R-CH>—-CH>NH> 
Clad 
(dD I NHo (3) 
HO a, CH3-C-COOH R-CH5-CHO—*R-CH. COOH 
(D 


(2)/ R-CHp-CH20H 
R-CH5-C-COOH 
Fic. 1. Pathways of side chain degradation 


activity (7, 12). Alternatively, transamination or oxidative de- 
amination could yield thyropyruvic acids which, on oxidative 
decarboxylation, would form thyroacetic acids. 

Synthetic tri- (7) and tetraiodothyronamines (13) were found 
not to be converted to thyroacetic acids, indicating that Reaction 
l-a is not the route between iodinated thyronines and thyro- 
acetic acids. The failure to show the conversion with use of 
phenolic color tests on paper chromatograms was confirmed in 
a single experiment with triiodothyronamine labeled with I. 
However, the thyronine molecule devoid of iodine was oxidized 
to thyroacetic acid (Table I). 

To test the feasibility of Pathway 1-B, diiodothyropyruvic-2- 
C™ acid was synthesized by the procedure of Canzanelli et al. (14), 
except that acetyl-2-C'-glycine was used for the preparation of 
the azlactone which was hydrolyzed by HBr in glacial acetic 
acid.!. The dialyzed kidney mitochondrial enzyme converted 
the synthetic diiodothyropyruvic-2-C" acid to C-labeled diiodo- 
thyroacetic acid. The latter was characterized by paper chro- 
matography with tertiary amyl alcohol saturated with 0.1 m 
phosphate buffer, pH 6.4 (15), as solvent, and by cocrystalliza- 
tion (cf. 1, 16) with authentic diiodothyroacetic acid. The 
specific activity (c.p.m. per 100 ug) of the mixture on repeated 
crystallization was as follows: original mixture, 50; 1st recrystal- 
ization, 44; 2nd, 40; 3rd, 40; 4th, 42. 

When it was thus established that thyropyruvate could be an 


1R. Michel, personal communication to H. A. L. (1957). 
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intermediate in the scheme shown in Fig. 1, attempts were made 
to detect it as an intermediate and to determine how it was 
formed. In the enzymic conversion of diiodothyronine to its 
acetic acid analogue, no product appeared on paper chromato- 
grams at the spot occupied by synthetic diiodothyropyruvic acid, 
even after very brief incubation periods. The conversion of 
synthetic diiodothyropyruvic to diiodothyroacetic acid was far 
more rapid than the conversion of thyronine, hence intermediates 
might not be expected to accumulate. Attempts to trap car- 
bonyl intermediates with NH,OH, semicarbazide or isoniazide 
were also unsuccessful. 

To determine whether transamination of the thyronines was 
involved, a-ketoglutyrate or pyruvate was added in experiments 
with well dialyzed enzyme preparations. Pyruvate enhanced 
the conversion appreciably, but ketoglutarate did not. Before 
more critical experiments were done, Yamamoto (17, cf. 18) 
reported that thyroxine and triiodothyronine are transaminated 
by enzymes in kidney homogenates and mitochondria. 


Enzymic Conversion of Thyroethanols 
to Thyroacetic Acids 


The next transformation in the scheme (Reaction 2) should 
yield iodinated thyroacetaldehydes. The evidence cited im- 
mediately above indicates that these carbonyl compounds are 
also not readily detected. Attempts to synthesize them proved 
unfruitful. Possible precursors—variously iodinated thyroeth- 
anols—were then synthesized as described below and were found 
to be converted to the corresponding thyroacetic acids (Table 
II). The parent thyroethanols all moved close to the front in 
the tertiary amyl alcohol-6 n NH,OH solvent system. The 
relative mobilities of the rechromatographed products correspond 
to those of the authentic acetic acid analogues. The spots 
formed by mixtures of the product and the authentic acetic 
acids were not elongated as compared to either alone, attesting 
to their identity. I'*'-labeled triiodothyroethanol was converted 
to a radioactive product which migrated on paper at the same 
rate as triiodothyroacetic acid. No such product was produced 
when the experiment was conducted with a boiled enzyme solu- 
tion. The product was eluted from the paper and cocrystallized 
with authentic triiodothyroacetic acid. The specific activity 
(c.p.m. per 100 wg) on successive recrystallizations from methanol 
by addition of water were: original mixture, 253; Ist recrystal- 
lization, 289; 2nd, 285; 3rd, 275; 4th, 276. 

These data clearly establish that thyroethanols are converted 














by the enzyme preparation to thyroacetic acids. Thyroacetal- 
TaBie II 
Enzymic conversion of thyroethanols to thyroacetic acids 
i 
Substrates Products 
Products Thyroacetic acids + Gaze 
acids 
Thyresthanel Se 8. sos. 0.45 | Thyroacetic acid, | 0.47 
0.47 
3,5-Diiodothyroethanol...... 0.65 | 3,5-Diiodothyro- | 0.64 
acetic acid, 0.65 
3,5,3’-Triiodothyroethanol..| 0.57 | 3,5,3’-Triiodo- 0.56 
thyroacetic 
acid, 0.56 
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dehydes would be compulsory intermediates in such a conver- 
sion, and thus evidence is provided that the aldehydes may be 
intermediates in the conversion of thyronines to thyroacetic 
acids. 


Biological Activity of Iodinated Thyroethanols 


Assays for thyroid hormone activity were performed as de- 
scribed elsewhere (1). On a molar basis, triiodothyroethanol 
was 30% as effective as pi-thyroxine in preventing goiter of 
thiouracil-fed rats. Diiodothyroethanol was not detectably ac- 
tive when administered at 20 ug per rat daily. 

Triiodothyroethanol was tested at three different concentra- 
tions in a single assay procedure with tadpoles of Rana clamitans. 
From this preliminary test, it appears to be one to two times as 
effective (tail shrinkage) as L-thyroxine. 


Synthesis of Thyroethyl Alcohols 


Ethyl p-Hydroxyphenylacetate (I)—p-Methoxyphenylacetic 
acid, 100 g, was refluxed with glacial acetic acid, 500 ml, and 
hydrobromic acid, 48%, 250 ml, instead of hydriodic acid (10), 
for 10 hours. The mixture was evaporated in a vacuum and 
the residue was recrystallized from 500 ml of hot water, yielding 
64 to 80 g of p-hydroxyphenylacetic acid, m.p. 149-151°. A 
mixture of the hydroxy acid, 150 g, absolute alcohol, 450 ml, 
and concentrated H.SO,, 8 ml, was refluxed for 3 hours. About 
300 ml of alcohol were distilled off from the reaction mixture 
under reduced pressure at 40°. Addition of 600 ml of water 
separated the ester (lower layer). Ether extracts, 2 x 150 ml, 
of the aqueous layer were combined with the ester layer, washed 
with water, 5% NaHCOs;, and water, and dried over NaSQ,. 
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The ester distilled at 156-157° at 1.5 mm in a yield of 159 g 
(89.4% of the theory). 

Reduction of (I) to p-Hydroxyphenethyl Alcohol (Tyrosol) (II)~ 
Ethyl p-hydroxyphenyl acetate was reduced to II with LiAlH,, 
but it could be prepared in somewhat better yield by reduction 
with Na and n-butanol. The method used was similar to the 
one for preparation of oley] alcohol from butyl oleate (19). In 
a 2-liter three-necked flask, equipped with two large reflux con- 
densers, 90 g (0.5 mole) of ethyl p-hydroxyphenylacetate were 
dissolved in 1 liter of anhydrous n-butanol, and 60 g (2.6 moles) 
of clean sodium cut in cubes were added at once. In 5 minutes, 
vigorous reaction started and the flask was cooled. After all the 
sodium had reacted, 55 ml of water were added and the mixture 
was acidified with concentrated HCl (about 250 ml). 

The butanol layer was separated and evaporated in a vacuum. 
The aqueous layer was extracted with ether (total 1 liter) and 
the ether solution was mixed with the butanol residue. After 
washing the solution with 5% NaHCO; and water, the ether 
extract was dried over Na,SO, and evaporated. The crystalline 
residue was dissolved in hot CHCls, treated with charcoal and 
cooled to yield 53.7 g (77.8% of theory) of almost colorless 
needles, m.p. 89-91°. The reported m.p. is 93° (20). 

Tyrosol Dibenzoate was prepared with benzoyl chloride in 
pyridine. Colorless fine needles, recrystallized from 95% alco- 
hol, melted at 110-112°. 


Ce22His0,4 (346.36) 


Calculated: C 76.28, H 5.23 
Found: C 76.43, H 5.15 


p-Hydroxyphenethyl Acetate (III)—Tyrosol, 69 g (0.5 mole), 
was dissolved in 150 ml of warm glacial acetic acid and the solu- 
tion was refluxed for 5 hours in the presence of 1.15 ml of con- 
centrated H.SO,. The reaction mixture was diluted with three 
volumes of water and extracted with three 200 ml portions of 
ether. The combined ether extracts were washed with 5% 
NaHCo0Os, water, and dried over Na2SOx,. 

After evaporation of the ether, the red residue was distilled 
under reduced pressure (b.p. 154-155.5° at 0.7 mm Hg), yield- 
ing 74.8 g (83% of theory) of a colorless viscous liquid. This 
was used for nitration. 

A small portion was dissolved in ether, diluted with 2 volumes 
of petroleum ether (Skelly C) and kept at —5° overnight. The 
colorless long needles melted at 61-62°. Pistschimuka (20) pre- 
pared the acetate (m.p. 59°) by treating tyrosol with acetyl 
chloride in ether. We were unsuccessful with this procedure. 


Cy0H1203 (180.20) 


Calculated: C 66.64, H 6.71 
Found: C 66.63, H 6.93 


4-Hydrozy-3 ,5-dinitrophenethyl Acetate (IV)—With rapid stir- 
ring, tyrosol monoacetate, 36 g (0.2 mole), was added slowly to 
720 ml of concentrated H.SO, in a 2-liter three-necked flask 
mmersed in an alcohol bath at —25 to —30°. To this cold mix- 
ture, 62.5 ml of concentrated HNO; (sp. gr. 1.4) were added 
dropwise. The temperature of the contents was kept below 
—10° during the reaction. After another hour of stirring, the 
orange-yellow reaction mixture was poured over crushed ice. 

The yellow precipitate was collected, washed with cold water 
and resuspended in 2 liters of water. The acid was neutralized 
with 5% NaHCO; and reacidified with acetic acid to pH 3 to 
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4. The precipitate was collected and recrystallized twice from 
dilute acetic acid; yield, 38.2 g (70.8% of theory), m.p. 91.5- 
92.5°. 


CicH1007N 2 (270.20) 


Calculated: C 44.44, H 3.73, N 10.36 
Found: C 44.58, H 3.57, N 10.43 


Dinitrotyrosol Diacetate—A mixture of IV (2.5 g) and 10 ml 
of acetic anhydride was heated with one drop of concentrated 
H.SO, for 3 hours at 100-110°. The dark reddish solution was 
diluted with 50 ml of ice water and left at room temperature 
overnight. The light brown crystalline mass, after being washed 
with cold water, was recrystallized from glacial acetic acid 
(about 5 ml) three times, yielding light yellow prisms which 
melted at 90-92°. 


Ci2Hi20sN2 (312.2) 


Calculated: C 46.15, H 3.87, N 8.97 
Found: C 46.29, H 3.69, N 9.23 


B-(3,5- Dinitro-4-(4'-methoxyphenozy) phenyl] - ethyl Acetate 
(V)—A mixture of IV, 10.8 g (40 mmoles), and p-toluene sul- 
fonylchloride, 8.4 g (44 mmoles), in dry pyridine, 16 ml, was 
heated in an oil bath (100-105°) for 30 minutes. p-Methoxy- 
phenol, 14.9 g (120 mmoles) was added, and the solution was 
refluxed for 1 hour (bath temperature, 180°). The cooled, dark 
reaction mixture was taken up in 75 ml of CHCl; and washed 
successively with three 100 ml portions each of 2 n HCl, 2 n 
NaOH, and water. The CHCl; extract was dried over Na.SO, 
and evaporated in a vacuum. The dark crystalline residue, 
11.4 g, was taken up in 200 ml of dry benzene and passed through 
an alumina column (2 X 10cm). The eluate was collected until 
it contained a negligible residue on evaporation (total, 350 ml). 
The crystalline residue (10.1 g) was recrystallized from glacial 
acetic acid, yielding yellow prisms; m.p. 110-111.5°. 


CizHisOgN 2 (376.31) 


Calculated: C 54.25, H 4.28, N 7.44 
Found: C 54.20, H 4.42, N 7.48 


p-Toluene sulfonyl chloride could be replaced with methane 
sulfonyl chloride, 5.27 g (46 mmoles). The reaction mixture 
was refluxed for 10 minutes before adding p-methoxyphenol and 
for 20 minutes after the addition. The yield was about the same. 

B-[3 ,6-Dinitro-4-(4'-methoxryphenory)phenyl]-ethyl  Alcohol— 
Dry HCl gas was passed for 30 minutes through an ice-cold 
suspension of 2 g of the acetate (V) in 75 ml of absolute ethanol. 
Crystals went into solution slowly. The mixture was refluxed 
for 4 hours and the solvent was distilled. The yellow crystalline 
residue was recrystallized from dilute ethanol and then from 95% 
alcohol, 10 ml, to yield 1.59 g (90% of theory) of yellow prisms; 
m.p. 137-139°. 


CisH1,07N2 (334.28) 


Calculated: C 53.89, H 4.22, N 8.38 
Found: C 54.05, H 4.15, N 8.69 


Acetylation of the 3,5-dinitro-4-(4’-methoxyphenoxy)pheny!- 
ethyl alcohol thus obtained with glacial acetic acid and H.SO, 
gave a product identical to V, thus establishing the nature of 
the side chain. 

B-(N ,N'-Diacetyl-3 ,5-diamino - 4-(4’ -methoryphenozy) phenyl]- 
ethyl Acetate (VI)—Dintitro compound (V), 1 g, suspended in 100 
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ml of glacial acetic acid was hydrogenated in the presence of 
0.1 g of 10% Pd on charcoal at room temperature (1 to 2 hours). 
The filtered solution was evaporated to dryness in a vacuum at 
40°. The residue was heated with 30 ml of acetic anhydride at 
70-80° for 3 hours. After the excess of reagent was decomposed 
with water, the reaction mixture was evaporated in a vacuum. 
The residue was recrystallized three times from dilute acetic acid 
after being treated with charcoal. Yield, 310 mg of colorless 
needles, m.p. 162-164°. 


Cc aH 240 oN 2 (400 4) 


Calculated: C 62.98, H 6.04, N 6.99 
Found: C 63.33, H 5.97, N 7.21 


B-(3 ,5-Diiodo-4-(4'-methoxyphenoxy) phenyl]-ethyl Acetate (VII) 
—3 ,5-Dinitro-4-(4’-methoxyphenoxy)phenyl ethyl acetate, 7.5 
g (0.02 mole) suspended in glacial acetic acid (100 ml) was hy- 
drogenated in the presence of 0.4 g of 10% Pd on charcoal. The 
crystals went into solution as hydrogenation proceeded. The 
theoretical amount of hydrogen was consumed in 3 to 5 hours. 
The reaction mixture was filtered through a sintered glass funnel 
into ice-cold, magnetically stirred, concentrated H.SO, (50 ml). 
The color of the filtrate (diamine) was from almost colorless to 
light blue. 

Tetratization—NaNO, (5 g) was suspended in ice-cold concen- 
trated H.SO, (40 ml) and warmed carefully with shaking to 
make a clear, pale yellow solution which was placed in a 1-liter 
three-necked flask equipped with a thermometer, a dropping 
funnel, and a powerful stirrer. The flask was placed in an eth- 
anol bath (0 to —5°), and glacial acetic acid (80 ml) was added 
slowly with rapid stirring to form a thick white suspension. 
After the bath temperature was lowered to —20°, the filtered 
hydrogenation mixture was added dropwise over 2 hours. The 
temperature of the contents was kept below —10°. Stirring of 
the reddish brown tetrazo solution was continued for an addi- 
tional hour. 

Todination—A mixture of 27 g of Nal, 15.2 g of Is, and 300 ml 
of water was stirred for several hours and, before the iodination, 
3.6 g of urea and 200 ml of CHCl; were added. The tetrazo 
solution was poured into the iodination mixture through a cold 
funnel during 5 minutes and the stirring was continued for 1 to 
2 hours at room temperature. The chloroform layer was sepa- 
rated, and the aqueous layer was extracted several times with 
150 ml portions of CHCl;. The combined CHCl; extracts were 
washed with water, 5% sodium metabisulfite, water again, and 
dried over MgSO,. After evaporation of the solvent, the dark 
crystalline residue (10 to 12.5 g) was taken up in benzene (75 ml) 
and passed through an alumina column (2 X 9 cm). Most of 
the diiodo compound (8.1 to 10.8 g) came out with the first 100 
ml of eluate. One recrystallization from glacial acetic acid (20 
ml, charcoal) produced 7.3 to 8.5 g (67-78% of theory) of almost 
colorless prisms melting at 106-108°. For analysis, the com- 
pound was recrystallized three times; m.p. 108-110°. 


Ci7HicOuI2 (538.14) 


Calculated: C 37.94, H 2.99, I 47.17 
Found: C 38.23, H 2.92, I 47.50 


B-[3 ,5-Diiodo-4-(4'-hydroxyphenoxy) phenyl] ethyl iodide (VIII) 
— -[3 ,5- Diiodo -4-(4’-methoxyphenoxy)phenyllethyl acetate 
(VII), 10 g, was refluxed for 7 hours with 100 ml of glacial acetic 
acid and 100 ml of freshly redistilled HI (b.p. 125-126°) in the 
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presence of 1 g of red phosphorus. The clear red solution was 
decanted, the phosphorus was washed with water three times, 
and the cloudy washings (about 500 ml) were mixed with the 
decanted solution. After the mixture was cooled overnight, the 
yellow precipitate was collected, washed with water, and recrys- 
tallized from 30 ml of glacial acetic acid (charcoal) to yield 10 g 
(91% of theory) of almost colorless needles, m.p. 164-166°. The 
analytical sample was recrystallized several times from the same 
solvent or from absolute alcohol; m.p. 166-168°. 


CuHn0z2l; (591.99) 


Calculated: C 28.40, H 1.87, I 64.31 
Found: C 28.51, H 1.98, I 64.70 


This compound gave positive phenol tests with Folin-Dennis 
and 4-aminoantipyrine reagents. With 2% ethanolic AgNO; 
solution it produced precipitates which were not soluble in 5% 
HNOs. 

Two grams of VIII were dissolved in warm ethanol (30 ml) 
and mixed with 30 ml of 2 n NaOH. After 2 hours at room 
temperature, the reaction mixture was slightly acidified with 
concentrated HCl, diluted further with water, and cooled over- 
night. The white precipitate was recrystallized once from dilute 
ethanol and then twice from Skelly C. Colorless clustered 
needles, m.p. 123-125°, gave positive phenol tests, but a negative 
halogen test. The product was probably 3 ,5-diiodo-4-(4’-hy- 
droxyphenoxy)styrene. 


CyuHwOale (404.1) 


Calculated: C 36.23, H 2.17, I 54.69 
Found: C 36.32, H 2.19, I 54.39 


B-[3 ,5-Diiodo-4-(4'-hydroxyphenory)phenyljethyl Acetate (IX) 
—The iodide (VIII), 5.92 g (0.01 mole), was dissolved in glacial 
acetic acid, 750 ml; dried silver acetate, 3.34 g (0.02 mole), was 
added and the mixture was stirred for 1 hour at room tempera- 
ture and for 3 hours in a boiling water bath. The silver salts 
were separated by filtration and the filtrate was evaporated to 
dryness in a vacuum (40°). The dark residue was extracted 
three times with 150 ml portions of CHCl;; the combined ex- 
tracts were filtered and evaporated to dryness in a vacuum. 

The reddish brown crude crystals were recrystallized from 
benzene (charcoal) to yield 4.5 g of almost colorless needles, 
which softened at 80-90°, resolidified over 100°, and melted at 
140-145°. Several more recrystallizations from benzene raised 
the final melting point to 146-148°. The compound gave posi- 
tive phenol tests and a negative test with AgNOs. 


CisH Ouse + 0.5 CoHe (563.2) 
Calculated: C 40.51, H 3.04, I 45.73 
Found: C 40.50, H 2.95, I 45.37 


When dried over silica gel and paraffin under reduced pressure 
at 100° for 3 days, the crystals melted at 152-154° without 
sintering. 


CisHuOxl2 (524.1) 


Calculated: C 36.66, H 2.69, I 48.43 
Found: C 36.65, H 2.60, I 48.00 


8 ,5-Diiodothyroethanol (X)—One gm of the acetate (IX) was 
dissolved in 30 ml of ethanol and mixed with 30 ml of 2 n NaOH. 
Hydrolysis was carried out for 4 hours at room temperature. 
The yellow reaction mixture was first acidified with concentrated 
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HCl, then diluted with water to about 100 ml and cooled over- 
night. The crystals were collected, washed with water, and 
recrystallized from dilute ethanol (charcoal). Colorless tiny 
needles (0.9 g) melted at 180—-182° with sintering. Several re- 
crystallizations from benzene raised the m.p. to 185-187. 


CiusHi20sI2 (482.1) 


Calculated: C 34.87, H 2.50, I 52.65 
Found: C 35.03, H 2.64, I 52.40 


3,5 ,3’-Triiodothyroethanol (XI)—Diiodothyroethanol, 964 mg 
(2 mmoles), was dissolved in a mixture of ethanol, 145 ml, and 
concentrated NH,OH, 48 ml. The reaction vessel was cooled 
in ice and 4 ml of 1 N I, solution was added dropwise while stir- 
ring the solution continuously. After 1 hour, the colorless reac- 
tion mixture was evaporated in a vacuum (40°). The residue 
was dissolved in 60 ml of boiling ethanol, diluted with 100 ml of 
water, and cooled overnight. Repeated recrystallization from 
50% alcohol raised the melting point to 173-175°, but the crystals 
sintered around 150°. Benzene seemed better for further puri- 
fication, but the purified sample still showed sintering at 160- 
165° and finally melted at 186°. 


CuHn0sI3 (608.0) 


Calculated: C 27.65, H 1.82, I 62.62 
Found: C 27.79, H 1.70, I 62.00 


Attempts to prepare tetraiodothyroethanol in a similar way 
with 4 atom equivalents of iodine were also made, and fine 
needles, melting around 200°, were obtained. On repeated re- 
crystallization from alcohol, however, the solution gradually 
became pinkish-yellow, indicating decomposition. 

3,5 ,3'-Triiodothyroethanol containing I!!—3 ,5-Diiodothyro- 
ethanol, 1.5 mg, was dissolved in a mixture of methanol, 2 ml, 
and concentrated NH,OH, 2 ml. A cyclohexane solution of 150 
ug of I, containing 100 mc I"! was added, and the mixture was 
agitated until the purple color disappeared. The reaction mix- 
ture was concentrated and the residue extracted twice with n- 
butanol. After being washed with water, the butanol extracts 
were evaporated to dryness ina vacuum. The residue was taken 
up in a small amount of alcohol and chromatographed on paper 
to remove the remaining iodide which stayed near the origin. 
The radioactivity near the solvent front migrated at a rate char- 
acteristic of triiodothyroethanol (Rr = 0.88). It was extracted 
from the paper and used as a substrate without further purifica- 
tion. 

Thyroethanol—Preparation A: From 3,5-diiodothyroacetic 
acid—3 , 5-diiodothyroacetic acid, 1.5 g, was placed in the thim- 
ble of a Soxlet apparatus and extracted into a solution of LiAlH,, 
1.5 g, in dry ether, 700 ml. After refluxing for 72 hours, the 
excess of reagent was destroyed with water and the ether was 
decanted. The white residue was dissolved in a small amount 
of dilute H.SO, and extracted with ether. The combined ether 
extracts were washed with water, 1% NaHCOs, water again, and 
dried over Na,SO,. After evaporation of the solvent, the yellow 
residue was recrystallized once from 50% alcohol (charcoal) and 
then several times from benzene to yield colorless clustered 
needles; m.p. 140—141.5°. 

Preparation B: From 3,5-diiodothyroethanol—3, 5-diiodo- 
thyroethanol, 40 mg, in a mixture of ethanol, 15 ml, and concen- 
trated NH,OH, 5 ml, was hydrogenated under ordinary pressure 
in the presence of Raney nickel, W-2 (21), (3 ml, about 1.8 g) 
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One of the most remarkable things about the ancient tree, 
Ginkgo biloba L., is its resistance to pests and disease (1). Al- 
though some effort has been made in the past to find substances 
in parts of G. biloba L. which might account for this resistance, 
no success seems to have attended these efforts (2-4). 

A systematic examination of various parts of G. biloba L. has 
been undertaken in order to find substances in these parts which 
may explain the resistance of this tree to disease and pests. In 
this paper we shall report our results, to date, on the isolation 
of a-hexenal from the leaves of G. biloba L. This substance has 
been found to be an inhibitor of fungi (EDs, 300 p.p.m. in 
Monilinia fructicola (winter) honey). 


EXPERIMENTAL PROCEDURE AND RESULTS 


Chemical—Two different portions of 4 pounds each of fresh 
leaves of G. biloba L. were homogenized in a blender and steam- 
distilled until 12 liters of distillate were collected. The distillate 
was then continuously extracted in 2-liter portions with ether 
for a total of 144 hours; the ether extract (3 1) was dried over 
magnesium sulfate. After evaporation of the solvent, 0.45 g 
of a light yellow oil, Compound A, was obtained. Preliminary 
tests with fuchsin, etc., indicated that the mixture contained an 
aldehyde. 

A solution containing 100 mg of the mixture in 5 ml of ethyl 
ether was gas-chromatographed. For each analysis, 0.3 ml was 
used. The fractions obtained are shown in Table I. The col- 
umn was 5 feet long and was packed with carbowax and silicone; 
helium was used as the gas carrier. At least six compounds ap- 
peared to be present in the mixture, but Substance IV repre- 
sented from 75 to 80% the total amount. Careful fractionation 
of the crude oil, Compound A, gave 300 mg of a liquid, Com- 
pound B; b.p. 37-40° (5 mm). 

The infrared spectrum of Compound B indicated that it was 
a somewhat impure aldehyde; by treatment of 50 mg of Com- 
pound B with a solution of 0.5 g of 2,4-dinitrophenylhydrazine 
in ethanol, a 2,4-dinitrophenylhydrazone, Compound C was 
obtained; yield, 125 mg. After several recrystallizations from 
mixtures of ethyl alcohol and ethyl acetate, it melted at 147- 
148°. 

CisHisN Ox 


Calculated: C 51.88, H 5.02 
Found: C 51.17, H 4.93 





* This work was supported by a grant from Mr. John L. Pratt, 
to whom we are much indebted. 
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Considerable information with respect to Compound C was 
obtained by a careful examination of its infrared spectrum (6). 
The N-H stretching band in the short wave length region indi- 
cated that Compound B is probably an aldehyde rather than a 
ketone. The aliphatic nature of Compound B was suggested 
by the C-H stretching band at 3.47 uw of Compound C and by 
the lack of complexity in the spectrum, especially in the 10 to 
12 w region. Furthermore, the olefinic character of Compound 
B was indicated by the shoulder at 6.05 uw and a second band 
at 10.25 uw in the spectrum of Compound C. 

The ultraviolet spectrum of Compounds B (Amaxzton 220 my) 
and C (Amaxeton 372 mu) showed the characteristic absorption 
of an a,@-unsaturated carbonyl compound (5). 

The above properties of Compounds B and C suggested that 
they are a-hexenal (6) and its 2,4-dinitrophenylhydrazone, re- 
spectively. a-Hexenal was synthesized by initial condensation 
of n-butyraldehyde with ethyl hydrogen malonate in order to 
form ethyl hexenoate (7, 8). Reduction of the ester with lith- 
ium aluminum hydride to the corresponding alcohol, followed 
by oxidation with chromic anhydride gave a-hexenal (9, 10). 
The identity of the main component of Compound B with syn- 
thetic a-hexenal was shown by careful comparison of the prop- 
erties of the two. 

Biological—With the use of tests described by the committee 
on standardization of fungicidal tests of the American Phyto- 
pathological Society (11), it has been determined that both syn- 
thetic a-hexenal and a-hexenal (B) from G. biloba L. leaves 
inhibit the growth of fungi in EDs, 300 p.p.m. 


DISCUSSION 


The isolation of a fungitoxic substance, a-hexenal, from the 
steam distillate of G. biloba L. leaves indicates that this aldehyde 
is probably present in the leaves as such. On the other hand, 
it may be a breakdown product of a more complex compound 
in the leaves. In any case, the amount of a-hexenal which was 
obtained by the steam distillation of the leaves, namely 75 
p.p.m. parts of fresh leaves, would appear not to be high enough 
to account for all of the fungus-inhibiting activity of G. biloba 
L. leaves, unless the aldehyde is concentrated in some part of 
the leaves in such a way as to raise the concentration to effective 
amounts. 

On the other hand, a-hexenal has been found in the leaves of 
a number of other plants (12) which do not seem to be particu- 
larly resistant to fungi. 
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TaBLeE | 


Fractions obtained from gas chromatography 
of distillate of Ginkgo biloba L. 








Substance Retention time 

I 1 min 03 sec 

II 1 min 25 sec 

III 2 min 07 sec 
(Very small shoulder) (2 min 26 sec) 
IV 3 min 19 sec 
(Shoulder) (3 min 39 sec) 

vV 5 min 12 sec 

VI 6 min 22 sec 








Therefore, it appears likely that other materials are present 


in G. biloba L. leaves which inhibit the growth of fungi, or else, 
as suggested by Sempio (13, 14) for other plants, G. biloba L. 
leaves may produce a substance which inhibits the growth of 
fungi when fungi attack the leaves. 


SUMMARY 


a-Hexenal has been isolated from the products obtained in 
the steam distillation of the leaves of Ginkgo biloba L. The 
presence of this aldehyde, which was obtained in the proportion 


R. T. Major, P. Marchini, and T. Sproston 
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of about 75 p.p.m., of the leaves may account for part of the 
resistance of Ginkgo biloba L. leaves to fungi, inasmuch as 
a-hexenal has an EDs» 300 p.p.m. against fungi. 


Ore oo noe 


i) ono 


it. 
12. 


13. 
14. 
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Crane and Lipmann (1) have shown that arsenate uncouples 
oxidative phosphorylation in intact rat liver mitochondria, and 
that this effect can be reversed by phosphate. They postulated 
that arsenate competes with phosphate at the site of phosphate 
uptake. It has also been observed that arsenate can stimulate 
the respiration of intact mitochondria (1) and of submitochon- 
drial particles' in the absence of phosphate and phosphate ac- 
ceptor system. In view of the reversible nature of the trans- 
phosphorylation reactions of oxidative phosphorylation (2, 3), 
it appeared reasonable to expect that arsenate should also bring 
about a stimulation of adenosine triphosphate hydrolysis in 
phosphorylating enzyme preparations. 

This communication demonstrates that arsenate stimulates 
the ATPase activity of intact rat liver mitochondria and of 
phosphorylating submitochondrial particles prepared by the 
digitonin method. This finding, together with other observa- 
tions, suggests that arsenate brings about an “arsenolysis” of 
some intermediate in oxidative phosphorylation which normally 
is capable of reacting with inorganic phosphate. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Mitochondria were prepared from the livers of male rats by the 
method of Hogeboom (4). After washing, the mitochondrial 
pellet was suspended in 0.25 m sucrose to yield a final concentra- 
tion of 1 mg of nitrogen per ml. Phosphorylating subfragments 
of mitochondria (hereafter designated as digitonin particles) were 
prepared by digitonin extraction of rat liver mitochondria as 
described by Devlin and Lehninger (5). - 

The measurement of ATPase activity in the presence of 
arsenate requires special analytical procedures. The hydrolysis 
of ATP was therefore followed in most experiments by measuring 
the initial rate of formation of P * from terminal-labeled ATP. 
The labeled inorganic phosphate formed was separated from 
labeled ATP by isobutanol-benzene extraction of the phospho- 
molybdate complex (6). Aliquots of the organic phase were 
plated and counted in a gas flow counter. P*-labeled ATP was 


* Supported by grants from the National Institutes of Health, 
the National Science Foundation, The Nutrition Foundation, 
Inc., and the Whitehall Foundation. 

7 Senior Research Fellow of National Institutes of Health (SF- 
141-R). 

1A. L. Lehninger, manuscript in preparation. 


prepared by oxidative phosphorylation of ADP with P*-labeled 
orthophosphate, using intact rat liver mitochondria with B-hy- 
droxybutyrate as substrate. After deproteinization with tri- 
chloroacetic acid and subsequent neutralization, the labeled 
ATP was obtained free from ADP by chromatography on 
Dowex 1 columns (7). Reaction of the ATP® prepared in this 
manner with glucose in the presence of hexokinase and MgCl, 
produced ADP with a specific activity of less than 5% of that 
of the original ATP®. 

In other experiments, particularly in the presence of high 
concentrations of inorganic phosphate, the hydrolysis of ATP 
was measured by determining the decline of ATP and the increase 
of ADP in the test medium by paper chromatography and spec- 
trophotometry, as described before (8). 

Recovery experiments employing standard solutions of ATP, 
ADP, and AMP have shown that these nucleotides can be esti- 
mated with an average experimental error of +5% by this 
method. 

Assay of ATP-ADP exchange activity was carried out by the 
method described previously (8). 

The ATP and ADP used in these studies were chromatograph- 
ically pure compounds obtained from Pabst Laboratories. 


RESULTS 


Stimulation of ATP Hydrolysis by Arsenate—The ability of 
Mg**, dinitrophenol, and arsenate to stimulate the hydrolysis of 
ATP by the digitonin particles is compared in Table I. 

As observed before, the digitonin particles catalyze hydrolysis 
of ATP in the absence of activators but addition of either Mg+ 
or dinitrophenol to the system greatly increases activity. In the 
presence of Mg**, arsenate was found to double the rate of ATP 
hydrolysis. Maximal stimulation of ATP hydrolysis by arsenate 
always required the addition of Mg**, but with some digitonin 
particle preparations arsenate alone produced significant stimu- 
lation. The maximal stimulation produced by arsenate ap- 
proached that given by dinitrophenol. 

The changes of ATP and ADP concentrations during the 
course of the reaction, measured by paper chromatography, were 
in fairly close agreement with the amount of labeled inorganic 
phosphate formed, indicating that the ATP-P;* exchange re- 
action did not interfere significantly under these conditions. No 
significant formation of AMP was observed. 

Data in Table II show that arsenate also stimulates hydrolysis 
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of ATP by intact rat liver mitochondria. Added Mg?** is not a 
requirement for arsenate stimulation as it is in most digitonin 
preparations, but the presence of Mg** increases the arsenate 
effect significantly. The maximal stimulation observed with 
arsenate is about 75% as large as that given by dinitrophenol. 
The stimulation of ATPase was proportional to arsenate concen- 
tration, being maximal between 0.01 and 0.05 m arsenate. 

Several metal ions were tested for their ability to substitute 
for Mg** in the action of arsenate in the digitonin particle system. 
In agreement with the observations of Cooper and Lehninger (2), 
Mg++, Mn**, and Cot* alone stimulated ATPase activity, 
but only with Mg** was arsenate found to produce further stimu- 
lation of ATP hydrolysis. 

Specificity of Arsenate—Several enzyme systems are known to 
be activated by polyvalent anions. In the case of fumarase (9) 
certain anions including arsenate bring about an enhancement of 
activity and a shift of optimal pH. The data presented in Table 
III demonstrate that of the anions tested, only arsenate stimu- 
lates the hydrolysis of ATP by mitochondria. Identical results 
were obtained with the digitonin’ particles. Furthermore, it 
would seem unlikely that the stimulation of ATP hydrolysis by 
arsenate is merely a consequence of its swelling action, since 
phosphate, also a potent swelling agent (10, 11), does not stimu- 
late the hydrolysis of ATP (see below). 

Inhibition of Arsenate Effect by Inorganic Phosphate—The 
effect of inorganic phosphate on the arsenate-stimulated ATPase 
could not be determined by measuring the liberation of P; labeled 
with P® from ATP® because of the rapid exchange reaction be- 
tween ATP and inorganic phosphate catalyzed by mitochondria 
(12) and the digitonin particles (3), which greatly increases in 
rate with increase in phosphate concentration. Measurement of 
the disappearance of ATP by the chromatographic method was 
therefore used to follow ATPase activity. 

The effect of the concentration of inorganic phosphate on the 
stimulation of ATP hydrolysis by arsenate with intact mito- 
chondria is shown in Fig. 1. It is seen that the stimulation of 
ATP hydrolysis by arsenate is inhibited by inorganic phosphate 
and that this inhibition can in turn be decreased by increasing 
the arsenate concentration. Although the double reciprocal 
plots of these data suggest that phosphate is acting competitively 
with arsenate, there is a relatively large error involved in relating 
small changes in the concentration of ATP and ADP to the 
velocity of the reaction. 


TaBLeE [| 


Effect of arsenate on ATP hydrolysis by digitonin particles 
Each reaction system contained 100 ug of nitrogen digitonin 
particles, 0.008 m ATP® (20,000 c.p.m,), 0.01 m Tris, pH 7.4, and 
additions as shown in 1.0 ml volume. Incubated 30 minutes at 











30°. 
Additions +A Pj | +A ADP +A ATP 
myumoles 

IR a ilar Midland’ ott. 400 400 600 
MgCle (0.002 M).......... 1000 800 1100 
Dinitrophenol (5 X 10-4 2400 2100 2200 

BOD s wet tierecinee te s-siae at 
Arsenate (0.01 M)........ 300 300 500 
Arsenate (0.01 m) plus 

MgCl, (0.002 m)...... uy 1800 2000 1900 
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TABLE II 
Effect of arsenate on ATP hydrolysis by intact mitochondria 
Reaction system contained 100 ug of nitrogen rat liver mito- 
chondria, 0.1 m sucrose, 0.01 m Tris-HCl buffer, pH 7.4, 0.008 m 


ATP® (75,000 c.p.m.) and additions shown in 1.0 ml volume. In- 
cubated 20 minutes at 30°. 

















Experiment No. Additions +A Pj 
mumoles 

1 None 100 
Arsenate (0.005 m) 500 
Arsenate (0.01 m) 1100 
Arsenate (0.05 m) 1800 

2 None 150 
Arsenate (0.01 m) 850 
MgCl, (0.002 m) 200 
Arsenate (0.01 m) plus MgCl: 1100 

(0.002 m) 

3 None 100 
Arsenate (0.01 m) 1300 
Dinitrophenol (5 X 10-4 m) 2400 
MgCl: (0.002 m) 130 
Arsenate (0.01 m) plus MgCl, 1700 

(0.002 m) 
TaBLeE III 


Specificity of arsenate 
Anions here added at 0.01 m as sodium salts 








Experiment No. Additions +A Pj 
mumoles 

ig None 1000 
Arsenate 1600 

Sulfate 800 

Nitrate , 900 

Borate 1000 

Phosphate 800 

2t None 150 
Arsenate 1200 

Sulfate 200 

Nitrate 150 

Borate 400 

Phosphate 200 











* Experiment 1: System contained 130 ug of nitrogen digitonin 
particles, 0.008 m ATP** (58,000 c.p.m.), 0.002 m MgCls, 0.02 m 
Tris, pH 7.4, and additions in 1.0 ml volume. Incubated 20 min- 
utes at 30°. 

{ Experiment 2: System contained 100 yg of nitrogen rat liver 
mitochondria, 0.008 m ATP# (55,000 c.p.m.), 0.002 m MgCls, 0.02 
m Tris, pH 7.4, 0.1 m sucrose, and additions in 1.0 ml volume. 
Incubated 20 minutes at 30°. 


Effect of pH—The pH activity plots for the arsenate effect 
with intact mitochondria and the digitonin enzyme complex are 
shown in Fig. 2. Optimal stimulation by arsenate in the digito- 
nin particles occurs at pH 7.0 to 7.5. This corresponds to the 
optimal pH range for eliciting the dinitrophenol ATPase activity 
of the submitochondrial particles (2). With intact mitochondria, 
stimulation by arsenate is observed over a broad pH range with 
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a major peak at pH 7.5 and a secondary peak at 6.5. Myers and 
Slater (13) have reported the existence of three distinct pH 
optima at 6.3, 7.4, and 8.5 for the dinitrophenol-stimulated ATP- 
ase of intact mitochondria. As seen in Fig. 2A, arsenate pro- 
duced essentially no stimulation of ATP hydrolysis at pH 8.5 in 
intact mitochondria. 

Substrate Concentration—The effect of ATP concentration on 
the rate of phosphate formation by intact mitochondria in the 
presence of arsenate is shown in Fig. 3. The extrapolated Kn 
for ATP is approximately 1.5 x 10-*m. The K,, for ATP with 
the submitochondrial fragments was found to be about 2.0 x 10-* 
M. The latter figure is in close agreement with the estimated K,, 








20+ 
D 0.04M Pj 
Sr 
/v 
OF © 0,02M P; 


© <IxlO"? M Pj 





20 40 60 60 100 
\/( ARSENATE) 


Fia. 1. Effect of phosphate on the arsenate-stimulated ATPase 
activity. Reaction system contained 0.01 m Tris buffer, pH 7.5, 0.1 
M sucrose, 0.002 M MgCl, 10 umoles of ATP, indicated molar con- 
centrations of phosphate and arsenate, and 170 ug of nitrogen 
mitochondria. Volume of system was 1.2 ml. V = umoles P; 
formed in 20 minutes at 25°. 
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Fia. 2. Effect of pH on stimulation of ATP-hydrolysis by arse- 
nate. A, Mitochondria: Reaction system contained 100 ug of 
nitrogen rat liver mitochondria, 0.008 m ATP* (40,000 c.p.m.), 
0.01 m Tris-acetate buffer, in volume of 1.0 ml, 0.1 m sucrose, 0.002 
M MgCls, and 0.01 M arsenate. Reaction time, 20 minutes at 30°. 


B, Digitonin enzyme: Each reaction system contained 100 ug of 
nitrogen digitonin particles, 0.008 m ATP* (42,000 c.p.m.), 0.01 m 
Tris-acetate buffer, 0.01 m arsenate, 0.002 m MgCl, in volume of 
Reaction time, 30 minutes at 30°. 


1.0 ml. 


Arsenate Stimulation of ATPase Activity of Mitochondria 
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Fic. 3. Effect of ATP concentration on the stimulation of hy- 
drolysis by arsenate. Enzymatic activity was measured as de- 
scribed in Table II. 


TaBLE IV 
Inhibition of arsenate-stimulated ATPase activity 


These data were collected from several experiments carried out 
as described in Tables I and II. 











Inhibition 
Additions Concentration 
Mito- Digitonin 
chondria particlés 
M % % 
Phenylmercuric acetate ix 106° 100 100 
3 X 10-5 100 100 
3 X 10-6 70 65 
Phenylmercuric acetate plus 3 X 10-6 75 70 
cysteine 1x i 
Sodium azide 5 X 10-3 75 100 
i x. ie8 70 95 
5 X 10-¢ 60 60 
Sodium fluoride 5 X 10°? 65 50 
1 X 10°? 33 20 
5 X 10-3 0 0 














for the dinitrophenol-ATPase activity of the submitochondrial 
particles (2). 

Effect of Aging—The arsenate-stimulated ATPase activity of 
the digitonin particles is quite sensitive to aging; storage of an 
aqueous suspension of the particles at 2° resulted in the loss of 
55% of the activity in 24 hours. This is about the same rate 
of loss of activity observed by Cooper and Lehninger (2) in the 
case of the dinitrophenol-stimulated ATPase activity, the ATP- 
P;* exchange activity and coupled phosphorylation of the 
digitonin particles. 

Inhibitors of Arsenate Stimulation—Several compounds which 
are potent inhibitors of oxidative phosphorylation and also the 
dinitrophenol-stimulated ATPase of the digitonin particles also 
depress the arsenate-stimulated ATPase activity of these prep- 
arations. It can be seen in Table IV that phenylmercuric ace- 
tate inhibits the hydrolysis of ATP by the two enzyme prepara- 
tions at low concentrations and that this inhibition cannot be 
reversed by addition of cysteine. Reduced glutathione also was 
found to be ineffective. Azide also inhibits the effect of arsenate 
on ATP hydrolysis, but whereas complete inhibition was ob- 
served at 5 X 10-* m with the digitonin particles, less than com- 
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plete inhibition was observed with intact mitochondria. At 
this concentration azide completely inhibits the dinitrophenol 
stimulation of ATPase activity of the digitonin particles but 
does not completely inhibit that in intact mitochondria. The 
insensitivity of part of the ATPase activity of intact mitochon- 
dria may be a reflection of a separate azide-stimulated ATPase 
described by Myers and Slater (13) which may not be present 
in the digitonin particles. 


DISCUSSION 


It is apparent from these studies that arsenate can stimulate 
in a rather specific manner the hydrolysis of ATP by both intact 
mitochondria and by phosphorylating submitochondrial particles. 
The rate of ATP hydrolysis observed with intact mitochondria 
in the presence of high concentrations of arsenate is of the same 
order of magnitude as that observed with dinitrophenol. Al- 
though the apparent stimulation by arsenate with the digitonin 
particles is lower than that given by dinitrophenol, it is possible 
that the stimulation by arsenate is partially masked by the Mg- 
stimulated ATPase activity present in these preparations (2). 

The arsenate-stimulated hydrolysis of ATP by digitonin prep- 
arations possesses certain properties such as pH optima, 
relative instability to aging, and the effect of certain inhibitors 
which are common to the dinitrophenol-stimulated ATPase 
activity, the ATP-P;* exchange reaction, and to oxidative 
phosphorylation (2). Furthermore, evidence will be presented 
in a later communication? that arsenate is also capable, as are 
dicumarol and dinitrophenol, of inhibiting the ATP-ADP ex- 
change reaction. 

In addition the stimulating effect of both dinitrophenol and 
arsenate on the respiratory rate of tightly coupled preparations 
in the absence of phosphate acceptor! suggest that the site of 
action of arsenate is near or the same as that of dinitrophenol. 

These findings, together with the competition between phos- 
phate and arsenate which the data of Crane and Lipmann (1) 
and those reported here indicate, provide strong evidence for the 
view that during coupled respiration a “high energy” complex 
may undergo alternatively “phosphorolysis” in the presence of 
inorganic phosphate to yield a “high energy” phosphorylated 
intermediate (Reaction 1 plus 2a) which leads ultimately to ATP 
formation, or it may undergo “‘arsenolysis” to form an arsen- 
ylated intermediate which is presumably unstable and rapidly 
decomposes (Reaction 1 plus 2b plus 3). 

It may be postulated that in the presence of ATP the normal 
coupling reactions are reversed giving rise to carrier ~ X by way 


Electron transport =z), carrier ~ X (1) 
Carrier ~ X + Pi —P~X + carrier (2a) 
Carrier ~ X + As= As ~ X + carrier (2b) 

As ~ X + HO — As +X (3) 
P~X-+ ADP= ATP+X (4) 


of Reactions 4 plus 2a and that arsenate can then form the 
arsenylated intermediate (Reaction 2b) which decomposes 
(Reaction 3). 

The transient existence of arsenate esters or anhydrides dur- 


2 C. L. Wadkins, manuscript in preparation. 
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ing arsenolysis reactions of certain enzymes or enzyme systems 
is supported by the recent work of Slocum and Varner (14). 
Although information concerning the specific functional groups 
involved in the coupling mechanism of respiration-linked phos- 
phorylation is not available, it is pertinent to note that, in 
general, arsenolysis reactions are concerned with acyl transfer 
reactions of which triosephosphate dehydrogenase and phos- 
photransacetylase are examples. 


SUMMARY 


The adenosine triphosphatase activity of intact rat liver 
mitochondria and of phosphorylating submitochondrial parti- 
cles prepared with digitonin is stimulated by arsenate. This 
reaction was assayed by measuring the amount of radioactive 
phosphorus (P*)-labeled inorganic phosphate produced from 
terminally labeled adenosine triphosphate or alternatively by 
measuring the disappearance of adenosine triphosphate and 
appearance of adenosine diphosphate by paper chromatography. 

In the presence of arsenate, intact mitochondria catalyze the 
hydrolysis of adenosine triphosphate in the absence of added 
Mg** or other activators; however the addition of Mg** is 
required for arsenate stimulation in most preparations of sub- 
mitochondrial particles. Such a stimulation of adenosine 
triphosphatase is not given by other anions tested, such as 
sulfate, phosphate, nitrate, or borate. Actually inorganic 
phosphate inhibited the arsenate stimulation in an apparently 
competitive manner. The pH optima, the characteristic 
lability to aging, and the effect of inhibitors of oxidative phos- 
phorylation such as sodium azide indicate that this reaction 
represents an arsenolytic cleavage of a “high energy” intermedi- 
ate in the coupling mechanism of oxidative phosphorylation. 
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Tetrahydrofolic acid is customarily prepared by the catalytic 
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NN s cH, nd Vt. —NH- cH 

OH (CHa)e 
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5,6,7,8-Tetrahydrofolic acid 
ScHEME I 


hydrogenation of folic acid in an acidic or neutral medium (2-5), 
and this process, involving a reduction of the pyrazine ring, 
introduces a second asymmetric center! (at carbon 6) into the 
molecule. Since chemically synthesized tetrahydrofolate is a 
dl-mixture with reference to this center, only 50% of the material 
is utilized in reactions in which it serves as a coenzyme (7-10). 
Accordingly, in spectrophotometric studies the contribution of 
the inactive material (i.e. 50% of the initial tetrahydrofolate) 
must be subtracted from the composite spectrum in order to 
ascertain the true spectrum of the reaction product. 

The obvious usefulness in such studies of the fully reactive 
diastereoisomer of tetrahydrofolate has led us to undertake its 
synthesis via an enzymic pathway. Since the purified dihydro- 
folic reductase (11) from chicken liver converts 7 ,8-dihydrofolate 


Dihydrofolate + TPNH + H+ = tetrahydrofolate + TPN*+ (1) 


to tetrahydrofolate by a TPNH-linked reduction (Equation 1), 
this enzyme may be used to obtain relatively large amounts of a 
single, reactive diastereoisomer of tetrahydrofolate. 


* Paper XI in the series ‘‘Folic acid coenzymes and active one- 
carbon units.’’ For Paper X, see Scrimgeour and Huennekens 
(1). This work has been supported by grants from the United 
States Public Health Service (CY-3310), the Life Insurance Medi- 
cal Research Fund, and the American Cancer Society, (P-203). 

ft Predoctoral Fellow of the Woodrow Wilson National Fellow- 
ship Foundation, 1958 to 1959. 

1 Commercial folic acid (pteroyl-L-glutamic acid), and all re- 
lated compounds, contain an optically active center (L-configura- 
tion) at the a-carbon atom of the glutamic acid residue. There 
is a second potential asymmetric center when reduction occurs at 
the 6-position of these compounds. However, until the absolute 
configuration at the 6-position has been determined, compounds 
with the reduced pyrazine ring can only be characterized as dl, 
d, or l, with reference to the measured optical rotation. Naturally 
occurring folinic acid (N*-formyl]-5,6,7,8-tetrahydrofolic acid) is 
levorotatory (6) and has been designated, therefore, as the I,L- 
diastereoisomer. 


EXPERIMENTAL PROCEDURE 


Materials—Chemicals were obtained from the following 
sources: ATP, glucose-6-P, glucose-6-P dehydrogenase, Tris, 
TPN, and TPNH (Sigma); phosphoenolpyruvate and folic acid 
(California Corporation for Biochemical Research); DEAE- 
cellulose (Brown Company); 2-mercaptoethanol (Matheson, 
Coleman, and Bell, Inc.); ammonium sulfamate and N-(1-naph- 
thyl)ethylenediamine dihydrochloride (Eastman) ; p-aminobenzoic 
acid (Nutritional Biochemicals); and lactic dehydrogenase, con- 
taining pyruvic kinase (Worthington). 

Tetrahydrofolic acid was prepared by the catalytic hydro- 
genation of folic acid in glacial acetic acid (5). Dihydrofolate 
was prepared by the reduction of folate with hydrosulfite (12), 
and the product was washed four times with an excess of 5 x 
10-* m HCl before the suspension was lyophilized and _ stored 
under vacuum in sealed ampules. 

Dihydrofolic reductase was isolated from chicken liver ac- 
cording to the method of Osborn and Huennekens (11); the 
specific activity of the various preparations used in this study 
ranged between 10 and 12 units per mg of protein. Formate- 
activating enzyme was isolated from chicken liver,? and a highly 
purified preparation of this enzyme from Micrococcus aerogenes 
(13) was generously supplied by Dr. H. R. Whiteley. A well 
dialyzed extract of chicken liver acetone powder was used as a 
source for the enzyme mixture containing serine hydroxymethyl- 
ase and N°, N'°-methylenetetrahydrofolic dehydrogenase (for- 
merly called hydroxymethyltetrahydrofolic dehydrogenase) (7). 

Methods—Assays for tetrahydrofolate with the formate- 
activating enzyme or with the combined serine hydroxymethyl- 
ase:N°, N°-methylenetetrahydrofolic dehydrogenase were car- 
ried out by methods described previously (7, 13), or modified 
slightly as described in the appropriate tables or figures. 
Diazotizable amine was measured by the Bratton-Marshall pro- 
cedure (14) with p-aminobenzoic acid as the standard The 
Beckman spectrophotometer model DU was used for all measure- 
ments of enzyme activity involving changes in absorbancy at a 
single wave length. Absorption spectra of compounds were 
determined in the Cary recording spectrophotometer, model 11M. 
Solutions of tetrahydrofolate were standardized spectrophoto- 
metrically with respect to concentration, assuming that at 298 
my the extinction coefficient, €, is 22 x 10° cm? per mole (5). 


2 J. G. Ozols, J. Bertino and F. M. Huennekens, unpublished 
method. 

3’ Samples of tetrahydrofolate to be analyzed for diazotizable 
amine must first be lyophilized to remove mercaptoethanol, which 
interferes with the Bratton-Marshall procedure. 
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Specific rotations were measured in a Rudolph precision polar- 
jmeter. 

Enzymic Synthesis of Tetrahydrofolate—After trial experiments 
on a small scale had indicated its feasibility, the following proce- 
dure was adopted for the enzymic synthesis of larger amounts of 
tetrahydrofolate. The following components were mixed in a 
50 ml-Erlenmeyer flask: 25 mg (56 ywmoles) of dihydrofolate, 
8 mg (10 umoles) of TPN, 200 umoles of glucose-6-P, 100 umoles 
of 2-mercaptoethanol, 500 umoles of Tris buffer, pH 7.5, 3 mg of 
glucose-6-P dehydrogenase (approximately 2 units, as defined by 
Sigma), 12 mg of dihydrofolic reductase, and water to make 20 
ml. After the clear yellow solution had been incubated at 37° 
for 150 minutes without shaking, sufficient mercaptoethanol was 
added to raise the concentration to 0.2 m and the solution was 
either stored in the frozen state or chromatographed immediately. 
It was not necessary to remove the protein before chromatog- 
raphy. 

Purification of Tetrahydrofolate by Column Chromatography— 
DEAE-cellulose was washed with 1.0 m NasHPO, until the wash- 
ings were colorless, washed with water until the pH of the 
suspension was approximately 7, and stored under water. Be- 
fore use in chromatography, the cellulose was washed by suction 
filtration with a large volume of 5 X 10-* m Tris buffer, pH 7.0. 
Aslurry of the adsorbent in this buffer was poured into a 2.5 x 30 
cm glass column equipped with a 19/22 standard taper joint at 
the bottom. The column bed was formed without suction or 
pressure to a height of about 20 cm. The column then was 
washed with approximately 1 liter of 5 x 10-* m Tris buffer, 
pH 7.0, which also contained 2-mercaptoethanol at a concentra- 
tion of 0.2 M, and allowed to drain to incipient dryness whereupon 
the above reaction mixture (20 ml) was layered carefully at the 
top of the adsorbent. After the solution had percolated into 
the column, and approximately the upper one-third of the bed 
had become yellow, the column was eluted by a gradient method 
(15) in which the mixing chamber contained 800 ml of 5 x 10-? mu 
Tris buffer, pH 7.0, and the reservoir contained 1000 ml of 0.2 
Tris buffer, pH 7.0. Both buffer solutions also contained 
mercaptoethanol at a concentration of 0.2 m. The flow rate of 
the column under gravity was about 1 ml per minute. The 
effluent was collected in 22.5-ml portions (about 50 tubes) over 
a period of 10 to 12 hours with an automatic fraction collector. 
As shown subsequently (Fig. 1), tetrahydrofolate is found in the 
region of tubes 20 to 29. The contents of these tubes were pooled 
and frozen, or else lyophilized and the residue redissolved in a 
minimal volume (approximately 5 ml) of 0.2 m mercaptoethanol. 


RESULTS AND DISCUSSION 


Column Chromatography of Tetrahydrofolate—Fig. 1A illustrates 
the separation of dihydrofolate and tetrahydrofolate by chroma- 
tography on DEAE-cellulose. With Tris buffer as the eluant, 
tetrahydrofolate appeared as the first principal band, followed by 
dihydrofolate. The same general pattern was obtained with 
phosphate buffer except that an unidentified degradation product 
was found in the region of the dihydrofolate peak. For this 
reason, and because phosphate inhibits certain tetrahydrofolate- 
requiring enzymes (16), Tris buffer was used thereafter for the 
chromatography of large-scale preparations of tetrahydrofolate. 

A typical elution profile resulting from the larger scale chroma- 
tography of a reaction mixture after enzymic synthesis of 
tetrahydrofolate is shown in Fig. 1B. Only one principal peak 
was observed in the profile and this corresponded in position 
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Fic. 1. Chromatography of dihydrofolate and tetrahydrofolate 
on DEAE-cellulose. A. Separation of dihydrofolate and tetra- 
hydrofolate on small-scale columns. A mixture containing 2 mg 
each of dihydrofolate and tetrahydrofolate in 10 ml was chroma- 
tographed as described in ‘‘Experimental Procedure’’ except that 
a smaller (1.2 X 18 cm) column was used and 3.0 ml-fractions were 
collected. The mixing chamber contained 200 ml of 0.005 m 
buffer, pH 7.0, whereas the reservoir contained 400 ml of 0.2 m 
buffer, pH 7.0; both solutions were 0.2 min mercaptoethanol. The 
dashed line shows the profile obtained with phosphate as the elut- 
ing buffer; the solid line gives the profile obtained with Tris buffer. 
Optical densities were determined at 295 my since each compound 
has an appreciable absorption at this wave length (11). B. 
Chromatography of a preparative reaction mixture in Tris buffer, 
as described in ‘“‘Experimental Procedure.’’ 22.5 ml-fractions 
were collected. The optical density of the contents of each tube 
was measured at 298 my, the absorption maximum of tetrahydro- 
folate in neutral solution (5). 


(approximately tubes 20 to 29) to that of authentic tetrahydro- 
folate. In other experiments, prolongation of the elution 
diagram beyond that shown in Fig. 1B revealed very little dihy- 
drofolate at its expected position in the profile, whereas TPN, 
TPNH, and protein are not desorbed from the column under the 
elution conditions. 

When the contents of tubes 20 to 29 were examined spectro- 
photometrically, each sample displayed only a single, broad 
absorption band at 298 my, characteristic of tetrahydrofolate (5). 
Even in the tubes at the edges of the peak, i.e. 20 and 29, only 
the spectrum of tetrahydrofolate was observed and there was 
apparently no contamination by other light-absorbing sub- 
stances. 

The total yield of tetrahydrofolate in the pooled tubes 20 to 29 
in Fig. 1B amounts to 47 umoles (83% of theory). In 5 different 
preparations on the same scale yields of 71 to 83% were obtained. 
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Assay of Tetrahydrofolate with Formate-activating Enzyme— 
The authenticity of the enzymically synthesized tetrahydrofolate 
is demonstrated by its activity in reaction (2), catalyzed by the 
formate-activating enzyme: 


Formate + ATP + tetrahydrofolate = 
N’°-formyltetrahydrofolate + ADP + P; (2) 


From the stoichiometry of Equation 2, 0.5 umole of the product, 
N°-formyltetrahydrofolate, should be obtained from 1.0 umole 


TaBLeE I 
Activities of tetrahydrofolate preparations with 
formate-activating enzyme 
For the assay with chicken liver enzyme the experimental ves- 
sel contained: 0.1 wmole of tetrahydrofolate, 50 umoles of Tris 
buffer, pH 7.5, 10 wmoles of 2-mercaptoethanol, 20 wmoles of 
MgCle, 50 umoles of sodium formate, 50 ymoles of NH,Cl, 5 umoles 
of ATP, and 0.04 ml of enzyme preparation (0.7 mg of protein) in 
a total volume of 1.0 ml. The blank contained all of the above 
components except formate. The reactions were started by the 
addition of ATP. After incubation for 15 minutes at 37°, 2.0 ml 


of 0.2 n HCl were added to each vessel and the preparations were, 


allowed to stand for 10 minutes before the amount of N!°-formyl- 
tetrahydrofolate (converted to N5,N1!°-methenyltetrahydrofolate 
by acidification) was determined by optical density measurements 
at 355 mu (13). The assay system for the microbial enzyme con- 
tained: 0.1 umole of tetrahydrofolate, 50 umoles of maleate buffer, 
pH 7.5, 20 umoles of cysteine, 40 pymoles of MgCle, 100 umoles of 
sodium formate, 100 umoles of KCl, 2.5 zmoles of ATP, 50 umoles 
of sodium fluoride, and 0.12 mg of purified formate-activating en- 
zyme in a total volume of 1.0 ml. The assay was run in the same 
manner as for the chicken liver enzyme. 














N}°.Formyltetrahydrofolate formed 
Origin of tetrahydrofolate 
Chicken liver M. aerogenes 

enzyme enzyme 

pmoles pmoles 
(a) Enzymically prepared.......... 0.075 0.069 
(b) Chemically prepared............ 0.036 0.034 
ee CS Se Seis 2.08 2.03 











TaBLeE II 
Rate study of tetrahydrofolate preparations with 
formate-activating enzyme 

The experimental cuvettes contained: 50 umoles of Tris buffer, 
pH 7.5, 20 umoles of cysteine, 0.06 umole of tetrahydrofolate, 20 
umoles of MgCl2, 50 umoles of sodium formate, 100 umoles of KCl, 
0.05 wmole of ATP, 1.0 umole of phosphoenolpyruvate, 0.023 mg 
of crystalline lactic dehydrogenase containing pyruvate kinase, 
and purified formate-activating enzyme from M. aerogenes (5.0 y 
in Experiment I, 10.0 y in II) in a total volume of 2.0 ml. The 
blanks contained all of the above components except tetrahydro- 
folate. Each reaction was started by the addition of ATP, and 
the initial rate of tetrahydrofolate disappearance over a 10-min- 
ute period was followed spectrophotometrically at 298 my. 











Rate of disappearance of tetrahydrofolate 
Experiment Eatio. 
(a) Chemically prepared | (6) Enzymically prepared 
umoles/ml/min pumoles/ml/min 
I 1.14 X 103 2.23 X 1078 1.96 
II 2.27 X 10-% 4.59 X 10-3 2.02 














l,x-Diastereoisomer of Tetrahydrofolic Acid 
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Fic. 2. Assay of tetrahydrofolate with serine hydroxymethy- 
lase: N°,N1°-methylenetetrahydrofolic dehydrogenase system. 
The experimental cuvettes contained: 10 umoles of u-serine, 0.30 
umole of tetrahydrofolate, 1.2 umoles of TPN, 100 umoles of potas- 
sium phosphate buffer, pH 7.5, 0.1 ml of dialyzed chicken liver 
acetone powder extract, and water to make 3.0 ml. The optical 
blank contained all of the above components except TPN, whereas 
the experimental blank contained all of the above components 
except serine. Assay involving enzymically prepared tetrahydro- 
folate, O——O©; experiment with chemically prepared tetrahy- 
drofolate, A---A. 


of chemically synthesized tetrahydrofolate, in contrast to 1.0 
pwmole of product from the enzymically synthesized material. 
The amount of product would be diminished, of course, if either 
the chemically or enzymically synthesized material were less 
than 100% pure. Samples of chemically and enzymically 
synthesized tetrahydrofolate were standardized spectrophoto- 
metrically with respect to concentration. Both preparations, 
however, contain as an impurity appreciable amounts (5 to 10%) 
of a diazotizable amine, p-aminobenzoylglutamate, arising from 
the cleavage of tetrahydrofolate at the labile C9-N”° linkage (17). 
It is reasonable to assume that a portion of the optical density at 
298 my in each sample of tetrahydrofolate is contributed by the 
pterin fragment of the degraded material, and the samples, 
therefore, are less than 100% pure. 

Other factors must also be considered in regard to the quantity 
of tetrahydrofolate formed by Reaction 2. Fortunately, the 
equilibrium for the reaction lies relatively far to the right (16) 
and the complete utilization of tetrahydrofolate is favored with 
the use of relatively high concentrations of the other two react- 
ants, formate and ATP. On the other hand, the Michaelis 
constant also affects the total utilization of tetrahydrofolate. 
Since K,, = 5.5 X 10-* for tetrahydrofolate with the M. aero- 
genes enzyme (13), and the initial concentration of the material 
in the assay system used is 10-‘ M, it is evident that the rate will 
decrease as the tetrahydrofolate is consumed. 

The results of the enzymic assays of the tetrahydrofolate 
samples with formate-activating enzyme from chicken liver and 
from M. aerogenes are shown in Table I. Although neither the 
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chemically nor the enzymically synthesized tetrahydrofolate 
produced the theoretical amount of N!°-formyltetrahydrofolate, 
for the reasons discussed above, it is evident that the enzymically 
synthesized material is twice as reactive as the chemical counter- 
art. 

. Experiments on the rates of utilization of the tetrahydrofolate 
samples in the formate-activating enzyme system provide further 
support for the above point. The assay system used in Table I 
was changed to a continuous, spectrophotometric method, which 
consisted of observing the decrease in optical density at 298 my 
as tetrahydrofolate is converted to N!-formyltetrahydrofolate 
(10). In this instance, it was necessary to replace ATP in the 
assay by phosphoenolpyruvate, pyruvic kinase, and a catalytic 
amount of ATP. As shown in Table II, a ratio of almost exactly 
1:2 is observed in the reaction rates of chemically synthesized and 
enzymically synthesized tetrahydrofolate. 

Assay of Tetrahydrofolate with Serine Hydroxymethylase-N °, 
N‘°-Methylenetetrahydrofolic Dehydrogenase—The combined sys- 
tem (7) of serine hydroxymethylase and N°, N!°-methylenetetra- 
hydrofolic dehydrogenase (Equation 3) provides another means 
for assaying tetrahydrofolate samples. The formation of TPNH, 


Serine + TPN* + tetrahydrofolate = 
(N®,N}°-methenyltetrahydrofolate)* + TPNH + glycine (3) 


measured at 340 mu, may be used to follow either the rate or 
extent of reaction. 

The results of a typical experiment are presented in Fig. 2. 
Tetrahydrofolate (0.30 umole) was used in each instance. After 
the reaction had ceased, 0.17 umole of TPNH was obtained from 
the enzymically prepared material, whereas the chemical material 
yielded 0.094 umole of TPNH; the ratio of these values is 1.83. 
The arguments presented above for deviations from the expected 
stoichiometry of the formate-activating enzyme apply as well to 
the present enzyme assay system. 

Polarimetric Measurement of Tetrahydrofolate and Related 
Compounds—Commerical folate (pteroyl-t-glutamic acid) is 
reported (18) to have a rotation [a],, of about +16°. After the 
reduction of folate, the contribution of the new asymmetric 
carbon atom to the observed optical rotation should depend upon 
whether the reduction has been carried out enzymically or chemi- 
cally. If dihydrofolate has the 7 ,8-dihydro structure, as sug- 
gested previously (10, 11), (or the 5,8-dihydro structure), 
essentially no change in the optical rotation, as compared to 
folate, would be expected. Even if dihydrofolate were the 5,6- 
dihydro isomer, no marked change in rotation would be expected 
in the chemically synthesized material which would be dl-with 
respect to position No. 6. The same reasoning may be applied 
to tetrahydrofolate in which position No. 6 is definitely asymmet- 
ric. The chemically synthesized material should be a dl-mixture 
with respect to this position, and should have a rotation similar 
to that of folate or dihydrofolate; enzymically synthesized tetra- 
hydrofolate, on the other hand, should have a rotation different 
from that of folate, chemically synthesized dihydrofolate, or 
chemically synthesized tetrahydrofolate. The rotation of each 
of these materials was measured polarimetrically and the results 
are shown in Table III. Although there is some variation among 
the absolute values of folate, dihydrofolate, and chemically syn- 
thesized tetrahydrofolate, this may be ascribed, in part, to im- 
purities present in these noncrystalline, and somewhat labile, 
compounds, It is apparent, however, that the rotation of en- 
zymically synthesized tetrahydrofolate is negative and quite 
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TaBLeE III 
Optical rotation of tetrahydrofolate and related compounds 

[«]5 values for all samples were determined with the use of 1% 
solutions in 0.1 Nn NaOH-0.1 m mercaptoethanol except for the 
enzymically prepared tetrahydrofolate which was run in 1.5 M 
Tris buffer, pH 7.0, containing 0.2 Mm mercaptoethanol. It is as- 
sumed that the latter value, obtained in Tris buffer, may be com- 
pared with the three previous values since the rotation of folate, 
for example, was shown to be identical whether measured in Tris 
buffer at pH 7.0 orin0.1N NaOH. The first three rotation values 
represent averages of several different preparations of each com- 
pound. The value for enzymically prepared tetrahydrofolate is 
the average of ten readings on a single sample; the larger devia- 
tion for this value was caused by the slight color in the solution. 








Compound lalp 
degrees 
We icc eh seine sore es hed b es nck Urea +19.9 + 0.35 
PRU rOnONNte 53.) 6.655 ook. SI ee ee +17.7 + 0.20 
Chemically prepared tetrahydrofolate. .... +14.9 + 0.23 
Enzymically prepared tetrahydrofolate. ... —16.9 + 3.84 








different from that of the other three compounds. These find- 
ings are consistent with the previously reported data for folinic 
acid (N*-formyl-5 ,6,7 ,8-tetrahydrofolic acid). Cosulich et al. 
(6) have given a value of +15.3° for the specific rotation of chem- 
ically synthesized dl, t-folinic acid. After separation of the two 
diastereoisomers via differential solubility of the calcium salts, 
the biologically active 1 ,L-form was recovered and shown to have 
a rotation of —15.1°. 


SUMMARY 


1. 1,u-Tetrahydrofolic acid has been prepared by the reduced 
triphosphopyridine nucleotide-linked reduction of 7 ,8-dihydro- 
folic acid and purified by means of column chromatography on 
diethylaminoethy]l-cellulose columns. 

2. The purified material is twice as active as chemically pre- 
pared dl,.-tetrahydrofolic acid when assayed with the formate- 
activating enzyme from Micrococcus aerogenes or chicken liver, 
or with the combined system serine hydroxymethylase:N 5, N19- 
methylenetetrahydrofolic dehydrogenase. 

3. The specific rotations of |,i-tetrahydrofolic acid and dl,t- 
tetrahydrofolic acid are approximately —16.9° and +14.9°, 
respectively. 
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Coenzyme Q has been implicated in terminal electron trans- 
port. Mitochondrion-bound coenzyme is rapidly reduced by 
substrates and oxidized by oxygen (1, 2). Inorganic phosphate 
and ADP affect the ratio of oxidized to reduced coenzyme Q in 
much the same way that these affect the DPN to DPNH ratio 
(3). When particles with electron transport activities are ex- 
tracted with organic solvents, by a procedure similar to that 
first introduced by Nason and Lehman (4), the succinate oxidase 
activity is lost and can be restored specifically by coenzyme Q 
homologues in the presence of other less well characterized lipides 
(5) although the DPNH oxidase activity cannot be restored. 
Externally added coenzyme Q also participates in oxidation- 
reduction reactions catalyzed by beef heart particles (1, 2). 

The main purpose of this communication is to describe in de- 
tail some characteristics of (a) the substrate-dependent reduction 
of externally added coenzyme Q and (6) the oxidation of coen- 
zyme Q hydroquinone by O: as catalyzed by beef heart mitochon- 
dria. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


The isolation (6,7) and nomenclature (8) of the CoQ! homo- 
logues have been described. Unless otherwise indicated, CoQio, 
the coenzyme Q homologue isolated from beef heart (generously 
supplied by Dr. K. Folkers of the Merck Sharp and Dohme Re- 
search Laboratories), and the heavy particle fraction of beef heart 
mitochondria (9) were the coenzyme and enzyme components in 
all the studies herein reported. Antimycin A was obtained from 
the Wisconsin Alumni Research Foundation. The hydroqui- 
none of CoQ was prepared by reduction of the quinone with 
KBH,, acidification with HCl, and extraction with cyclohexane 
as previously described (7). For use in the enzyme assay the 
cyclohexane solution was evaporated under vacuum. The 


* This work was supported in part by graduate training Grant 
No. 2G-88 from the Division of Research Grants and Research 
Grant No. H-458 from the National Heart Institute, both of the 
National Institutes of Health, United States Public Health Serv- 
ice, Grant G-3227 from the National Science Foundation, and 
Atomic Energy Commission Contract AT(11-1)-64, Project 4. 
Meat products were generously furnished by Oscar Mayer and 
Company, Madison, Wisconsin. . 

t Present address, Department of Biochemistry, Indian Insti- 
tute of Science, Bangalore, India. 

t Present address, Department of Biochemistry, University of 
Kentucky Medical Center, Lexington, Kentucky. 

' The abbreviation used is: CoQ, coenzyme Q. 


hydroquinone residue was dissolved in absolute ethanol and the 
solution evaporated under vacuum to remove the last traces of 
cyclohexane. The residue was finally taken up in absolute eth- 
anol. 

The assay methods employed in studying the enzymic oxida- 
tion-reduction reactions of CoQ were in general as previously 
described (2). After incubation of the reaction mixture, CoQ 
was extracted with cyclohexane and the amount of the oxidized 
and reduced forms estimated spectrophotometrically at 275 mu 
as previously described, or the reduced form was estimated by 
its reaction with FeCl; and a,a’-dipyridyl (7). Some modifica- 
tions have been made in the details of the original procedure 
which makes the assay more reliable and precise. 

Reduction Assay—Each reaction mixture contained 100 umoles 
of potassium phosphate, pH 7.0, and 5 ymoles of KCN. Wher- 
ever indicated the following components were added in the desig- 
nated amounts: 50 uwmoles of K succinate, 20 umoles of K 
pyruvate, 20 umoles of K malate, 0.5 umole of DPN, and 5 
umoles of DPNH. The final volume was made up to 3.0 ml 
with 0.25 m sucrose. CoQ was added to the assay tubes first 
(stock solution, 4 mg per ml of ethanol) and then the sucrose 
solution which resulted in the desired emulsion. The reaction 
was started by the addition of a suspension of beef heart mito- 
chondria. (For the routine assay of initial reaction rates, 0.4 
mg of CoQ and 0.2 mg of mitochondrial protein were added.) 
After the appropriate time of incubation at 30° in glass stoppered 
tubes, the reaction was stopped by addition of 3.0 ml of 0.1 nN 
HCl1O,. The quinone and hydroquinone were then extracted 
into 3.5 ml of cyclohexane by first shaking briefly and vigorously 
by hand and then shaking for 15 minutes on a mechanical shaker. 
The cyclohexane phase was separated and analyzed for CoQ 
hydroquinone either by the FeCl; or a,a’-dipyridyl methods, 
or by the direct spectrophotometric method (2, 7). 

Estimation of Coenzyme Q Hydroquinone—A sample contain- 
ing 0.02 to 0.15 umole of CoQ in cyclohexane was mixed with 
0.3 ml of a,a’-dipyridyl solution (0.56% weight per volume, 
ethanol) and 0.3 ml of FeCl; solution (FeCls-6H,0, 0.2% weight 
per volume, ethanol) and diluted to a final volume of 3.0 ml with 
ethanol. After 2 minutes the absorbance at 518 my was deter- 
mined (corrected for the blank) and used as a measure of the 
hydroquinone. Under these conditions 0.086 umole of CoQ hy- 
droquinone gave an absorbance of 0.50. Values thus obtained 
checked perfectly with the values derived by measuring the 275 
my absorbance of the cyclohexane extracts. 

Assay for Oxidation of CoQ Hydroquinone—Unless otherwise 
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indicated, the reaction mixtures contained 0.20 mg of CoQ 
hydroquinone, 50 wmoles of Tris chloride (pH 7.1), 0.2 mg of 
mitochondrial protein, and 0.25 m sucrose to a final volume of 1.0 
ml. All other solutions were neutralized to pH 7 prior to their 
addition to the incubation mixtures. The substrate was added 
in ethanolic solution at a concentration of 4 mg per ml. The 
reaction was started by the addition of enzyme to the reaction 
mixture which had been warmed to 30°, the incubation tempera- 
ture. The reaction was terminated by the addition 1 ml of 0.1 
Nn of HClO, and the quinone and hydroquinone extracted with 
3.0 ml of cyclohexane, as in the assay for reduction of the coen- 
zyme, and analyzed as indicated above. A control tube con- 
tained all components except enzyme which was added after the 
HCl0,. This mixture was then treated in the same fashion as 
the experimental mixture. The nonenzymic oxidation rate thus 
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Fic. 1. Time course of reduction of CoQ. (@), Succinate; 
(O), pyruvate plus malate plus DPN; (©), DPNH; (@), pyruvate 
plus malate. Other conditions are described in ‘Experimental 
Procedure.”’ 
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Fie. 2. Rate of reduction as a function of CoQ concentration. 
Ordinate represents the initial rate of reduction: umoles CoQ 
reduced per minute per mg of protein. Mitochondria, 0.1 mg of 
protein; substrate, succinate. Other conditions are described in 
‘‘Experimental Procedure.”’ 
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Fic. 3. Rate of reduction of CoQ as a function of enzyme con- 
centration. Substrate: succinate, 0.46 umole of CoQ. For other 
details see ‘‘Experimental Procedure’”’ and text. 


obtained was almost negligible; 0.15 to 0.30 mumole per min. 
For purposes of calculation 863 is taken as the molecular weight 
of CoQio (10, 11). 


RESULTS 


As can be seen from Fig. 1, externally added CoQ is reducible 
by substrates of the citric acid cycle. Consistently, the most 
rapid reduction was observed with succinate as substrate. It 
will be noted that the rate of reaction falls off sharply with time; 
for this reason the rate in the first 4 minutes was used as a meas- 
ure of the initial rate of reduction. It can also be seen that the 
rate of reduction by pyruvate plus malate is greatly accelerated 
by addition of DPN, particularly in long incubations. This 
probably reflects a loss of mitochondrion-bound DPN under 
these conditions (12). 

Fig. 2 shows the relation between the velocity of reduction and 
the concentration of CoQ. Reactions at high CoQ concentra- 
tions were not studied in detail because of the difficulty in forming 
stable emulsions. Initial rates as high as 0.34 umole per minute 
per mg of protein have been observed with succinate as reductant. 

The data represented in Fig. 3 were obtained by measuring 
the initial rates of reduction of CoQ as a function of the amount 
of mitochondrial protein. It can be seen that while the rate of 
reaction increases as expected with increasing enzyme concen- 
tration, the increase is not directly proportional to enzyme con- 
centration, particularly at higher enzyme levels. It was also 
noted that the extent of reduction of CoQ is a function of the 
ratio of substrate to enzyme; that is, as the enzyme level was 
increased with CoQ held constant, the percentage of the coen- 
zyme reduced decreased (Fig. 4), irrespective of the length of 
the incubation time (60 minutes was usually sufficient for these 
experiments). Reoxidation of reduced CoQ cannot account for 
the incomplete reduction since enzymic oxidation was blocked 
with cyanide and nonenzymic oxidation was negligible. It can 
be seen from the data in Fig. 4 that at any level of enzyme or 
substrate the addition of a small amount of isooctane results in 
an increased extent of reduction. In many experiments, in the 

presence of isooctane (or cyclohexane), 100% reduction was 
achieved, although more usually the maximal extent of reduction 
was between 80 and 90%. The decreases in reduction rate and 
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in the extent of reduction of CoQ as well as the effect of isooctane 
would appear to be related. The simplest interpretation is that 
there are mitochondrial sites, possibly lipoprotein in nature, on 
which CoQ can be sequestered, so that increasing the concentra- 
tion of mitochondria relative to the coenzyme results in a de- 
crease in the amount of CoQ which is available for reduction. 
In this view, isooctane would act to prevent the binding of the 
coenzyme, or promote its release, from these sites, thus making 
more of the coenzyme available for reduction. Probably in the 
same category as the effects mentioned above is the observation 
that when serum albumin and Tween 80 were added to the reac- 
tion mixture prior to the addition of mitochondria, a marked 
decrease in the rate of reduction occurred (Table I). It is sug- 
gested that a complex of CoQ with these suspending agents 
renders CoQ inaccessible to the reactive sites of the enzyme 
system. 

The following compounds had no significant effect on the rate 
of reduction of CoQ by either succinate or pyruvate plus malate 
plus DPN: MgCh (3.3 X 10-* Mm), CaCl, (8 X 10-5 m), ZnCl. 
(8 X 10-5 M), iodoacetamide (1.6 X 10-* m), and 2,4-dinitro- 
phenol (5 X 10-§ Mm). The rate of reduction was the same in 
Tris buffer as in phosphate buffer. Antimycin A did not inhibit 
the reduction of external CoQ by succinate when added in 
amounts ranging from 6 to 600 wg per mg of enzyme protein. 
In fact the rate of reduction increased slightly at the highest 
concentrations of antimycin A. 

All the homologues of CoQ which we have isolated in this 
laboratory (8) were tested for reduction by succinate. As can 
be seen from Table II, all five homologues are reduced at com- 
parable rates. 

Many particles derived from mitochondria of differing electron 
transport potentialities and composition have been isolated in 
this laboratory (13). Some of these were tested for their capac- 
ity to catalyze the reduction of CoQ with succinate and DPNH 
as electron donor (cf. Table III). In general, those particles 
with the higher rates of dehydrogenation of succinate or DPNH 
as measured with O2 or dyes as electron acceptors reduce CoQ 
at a higher specific rate. Some of these particles would be 
suitable, therefore, as a starting point for the isolation of the 
segment of the electron transport system involved in the reduc- 
tion of externally added CoQ. 

Oxidation of Hydroquinone of CoQ—In contrast to enzymic 
reduction of CoQ, the characteristics of the oxidation of the 
corresponding hydroquinone were found to be classical in most 
respects. The initial rate of the reaction (Fig. 5) was approxi- 
mately linear and was proportional to the concentration of sub- 
strate at low substrate concentrations (Fig. 6). The initial 
oxidation rate was also directly proportional to the enzyme con- 
centration (Fig. 7). 

Several compounds were tested for their effect on the oxidation 
of CoQ hydroquinone. Serum albumin and Tween 80 inhibited 
the oxidation to about the same degree as the reduction (Table 
IV), whereas antimycin A at low levels completely blocked oxi- 
dation. No acceleration effect of ADP was observed. In fact, 
small but variable inhibitions were observed. 

The reduction and oxidation of a number of substituted benzo- 
quinones has been studied as well as the reduction of variously 
substituted napthoquinones and anthroquinones. It can be seen 
in Table V that some “succinate-quinone reductase” activity is 
observed with some quinones whose structure differs considerably 
from that of CoQ. However, p-benzoquinone is not reduced in 
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this system at a significant rate and would, therefore, appear to 
be unrelated to the quinone reductase activity described by 
Wosilait et al. (14). For the case of “hydroquinone oxidase” 
activity, it would appear that of those benzoquinones tested 
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Fie. 4. Factors affecting the extent of reduction of CoQ by 











succinate. Time of incubation, 60 minutes. (——), No iso- 
octane; (-—-), 0.02 ml of isooctane/3 ml. (@) and (©), 0.46 umole 
of CoQ; (O) and (@), 0.23 umole of CoQ. Other details are de- 
scribed in ‘‘Experimental Procedure.”’ 


TaBLeE I 
Factors affecting reduction of CoQ by succinate* 

















CoQ reduced 
Additions to assay medi 
Experiment 1 Experiment 2 
pumole/min/mg of protein 
None 0.100 0.094 
Bovine serum albumin 0.058 0.095 
Tween 80 0.011 0.065 





* The basal medium is as described in ‘‘Experimental Proce- 
dure’’ with succinate as the electron donor. Where indicated 0.5 
mg of bovine serum albumin and 0.05 mg of Tween 80 were added; 
in Experiment 1, before enzyme addition, in Experiment 2, several 
seconds after enzyme addition. The reaction was started by 
adding succinate. 








TaBLe II 
Initial rates of reduction of CoQ homologues* 

Compound CoQ homologues reduced 
pmole/min/mg of protein 

CoQ; 0 0.103 

CoQ» 0.122 

CoQs 0.122 

CoQ; 0.116 

CoQs 0.138 








* The substrate is succinate. 
pmole. 
dure.’’ 


Each CoQ homologue is 0.5 
Other details are described in ‘Experimental Proce- 
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TaB.Le III 
Reduction of CoQ catalyzed by various mitochondrial fragments* 














| Specific activity 
Enzyme 
Succinate | DPNH 
| pmoles reduced/min/mg of protein 
Beef heart mitochondria, heavyfrac- | 0.103 | 0.076 
tion 
Electron transport particle 0.250 0.403 
Succinic dehydrogenase complex 0.148 0.320 
Electron transport particle (heavy) 0.036 0.146 
Isooctane-extracted electron trans- 
port particle 0.081 0.085 
Green particle 0.027 0.038 
R: fraction | 0.066 0.003 








* See (13) for a description of the various mitochondrial frag- 
ments. Assay conditions as under ‘Experimental Procedure.” 
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Fig. 5. Time course of the oxidation of CoQ hydroquinone. 
Conditions are described in ‘‘Experimental Procedure.’’ 
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Fig. 6. Initial oxidation rate as a function of CoQ concentra- 
tion. Ordinate: wmoles oxidized per minute per mg of protein. 
Other details are described in “Experimental Procedure.” 


at comparable rates. 





Reduction and Oxidation of Coenzyme Q 


only those that are structurally quite similar to CoQ are oxidized 
It should be pointed out, however, that 
Colpa-Boonstra and Slater (15) have shown that reduced men- 
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Fie. 7. Initial oxidation rate of CoQ hydroquinone as a fune- 


tion of enzyme concentration. Details are given in ‘‘Experi- 
mental Procedure.”’ 





TABLE IV 


The effect of various compounds on the 
oxidation of CoQ hydroquinone* 








Addition to basal medium Oxidation ratet 
Bovine serum albumin, 0.5 mg 53 
Tween 80, 0.05 mg 38 
Deoxycholic acid, 0.05 mg 86 
Deoxycholic acid, 0.5 mg 30 
K succinate, 10 umoles 10 
Antimycin A, 0.1 ug 73 
Antimycin A, 0.3 ug 0 
KCN, 1.6 umoles 0 
ADP, 2.3 umoles 73 
K phosphate, 10 umoles 60 








* Assay conditions are described in ‘Experimental Proce- 
dures.”’ 

t No additions = 100. 
adione is rapidly oxidized by heart particles. There is no way 
at present to assess the specificity of the succinate-quinone re- 
ductase activity since the mechanism of reduction for each qui- 
none may be different; that is, even those unphysiological qui- 
nones for which significant reduction has been observed may 
possibly be reduced at a site(s) in the respiratory chain different 
from that for external CoQ. Even assuming a limited specificity 
for these reactions, in no way does this reflect on a specific role 
for CoQ in electron transport. On the other hand, the fact that 
these external redox reactions of CoQ occur at rates comparable 
to other respiratory activities of these particles (9) is consistent 
with the key role postulated for CoQ in respiration (2) but does 
not, of course, necessarily imply that what is being studied are 
the true physiological reactions of CoQ; this must await further 
data with purified enzyme systems. 


DISCUSSION 


Since the discovery that CoQ is a component of the respiratory 
chain (1), efforts in this laboratory have been directed to a de- 
tailed study of its function. So far, two enzymatic reactions 
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involving the coenzyme have been discovered, namely, the re- 
duction of the quinone form and the oxidation of the hydroqui- 
none form, reactions which occur with endogenous CoQ (1-3) 
and with exogenous CoQ (1,2). This communication deals with 
some aspects of the reactions of exogenous CoQ catalyzed by 
intact mitochondria. One purpose of this investigation was to 
define in detail some of the conditions for these reactions so that 
they might be applied in simpler systems derived from mito- 
chondria with the eventual goal of discovering those mitochon- 
drial components which interact directly with CoQ. These 
efforts have already met with some success in simpler systems 
in the study of the CoQ-hydroquinone oxidase system (16) and 
in the succinate-CoQ reductase system.? 

Two general findings merit some further discussion. On the 
methodological level, several variables were recognized to be 
important in studying the exogenous reactions of CoQ. Some 
of the features of these reactions have been interpreted in terms 
of nonspecific interaction of the mitochondrial particles with 
CoQ. It should also be emphasized that the quality of the CoQ 
emulsion is also significant since in some early experiments it 
was observed that poor emulsions resulted in markedly lower 
reaction rates. Therefore, any conditions affecting the quality 
of the emulsion becomes important. In this regard it should be 
noted that the reduced forms of the CoQ homologues make finer 
and more stable emulsions in water than the oxidized forms. 

These findings emphasize the fact that experiments involving 
the use of suspending agents should be cautiously interpreted. 
For example, although Colpa-Boonstra and Slater (15) found 
that the oxidation of 2-methyl-1,4-naphthohydroquinone was 
unaffected by Tween 80, these authors reported that reduced 
vitamin K,, suspended in Tween 80, was not oxidized by beef 
heart particles. This result may possibly have been due to the 
presence of Tween 80 since it has been found that the oxidation 
of reduced vitamin K, does occur in the absence of Tween 80 
and was sensitive to cyanide but not to antimycin A 

Another important finding is that the oxidation-reduction 
pattern of CoQ bound to mitochondria (2, 3) differs considerably 
in certain respects from the pattern for “external” CoQ herein 
reported. In both cases, citric acid cycle substrates reduced the 
coenzyme, and the reduced coenzyme is oxidizable by oxygen by 
a cyanide-sensitive pathway. However, ADP or phosphate 
which have marked effects on the oxidation-reduction pattern of 
the internal coenzyme (3) have no comparable effect on the pat- 
tern for externally added coenzyme. The second major differ- 
ence is that while in the internal system antimycin A blocks 
reduction of the coenzyme and is without effect on the oxidation 
of the reduced coenzyme, the opposite is true for the external 
system. 


SUMMARY 


1. The reduction of coenzyme Q, by substrates of the citric 
acid cycle, and the oxidation of coenzyme Q hydroquinone, reac- 
tions catalyzed by beef heart mitochondria with externally added 
coenzyme Q, have been studied in some detail. 


? D. E. Green, unpublished observations. 

*T. Ramasarma, unpublished observations. 

‘The earlier view concerning the antimycin sensitivity for 
endogenous CoQ reduction is no longer held to be correct (18, 19) 
and, therefore, the data now available indicate that with respect 
to antimycin sensitivity, the oxidation-reduction reactions of 
endogenous and exogenous CoQ are alike. 
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TaBLE V 
Reduction and oxidation of various quinones by 
beef heart mitochondria* 
Rates of 
Quinones 
Oxida- 


Reduction tien 





1,4-Benzoquinone derivatives 
2,3-dimethoxy-5-methyl-6-phytyl- 130 
2,3-dimethoxy-5-methyl-6-pentadecyl- 
2,3-dimethoxy-5, 6-dimethyl- 
2,3-dimethoxy- 3 
2,6-dimethoxy-3, 5-dimethyl- 76 
2,5-dimethoxy-3,6-dimethyl- 42 
2, 5-dimethoxy-3-pentadecyl- 28 
2,5-dimethoxy-3, 6-dipentadecyl- 0 
2,5-dimethoxy-3, 6-diphytyl- 0 
p-benzoquinone 0 


a 
coonnnotSS 


2,5-dichloro- <10 
2,6-dichloro- <10 
2,5-diphenyl- <10 
2,5-ditertbutyl- <10 
methyl- <10 
2,5-dimethyl- 20 
1,4-Napthoquinone derivatives 
1,4-napthoquinone <10 
2-amino- <10 
2,3-dimethyl- <10 
2-undecyl- <10 
2,3-dichloro- <10 
2-methyl- (menadione) - 12 
Anthroquinone derivatives 
1-amino- <10 
1-chloro- <10 
1-amino-4-hydroxy- <10 











* CoQio = 100. The rates given were all measured at a quinone, 
or hydroquinone, concentration of 10- m. Succinate was the 
reductant. Other details are described in ‘‘Experimental Proce- 
dure.’’ The methoxy-substituted benzoquinones were prepared 
and kindly furnished by Dr. K. Folkers and his collaborators of 
the Merck Sharp and Dohme Research Laboratories. 

{ This quinone was reduced but rapid reoxidation made exact 
rate measurement difficult. 

¢ Rapid nonenzymatic reoxidation precluded measurement of 
enzymatic oxidation, if any. 


2. Reliable assay methods for these reactions are described. 

3. Reaction rates have been obtained which are of the same 
magnitude as the respiration rates observed with citric acid-cy- 
cle substrates. 

4. The study of these reactions is complicated by the insolu- 
bility of coenzyme Q in water. In water emulsion the extent of 
reaction rarely exceeded 50%. However, when a trace of iso- 
octane or cyclohexane was included in the assay mixture values 
approaching 100% were obtained for the extent of the reaction. 
Serum albumin and Tween 80 strongly inhibited these reactions 
if added to the assay mixture before the addition of the mito- 
chondria. The “quality” of the emulsion of coenzyme Q in the 
assay systems is important for optimal rates. 

5. All the natural homologues of coenzyme Q were reduced by 
succinate at similar rates. The oxidation-reduction reactions of 
various synthetic-substituted benzoquinone derivatives were also 
measured. 
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6. The reactions of externally added coenzyme Q were found 


to have characteristics which are distinct from those previously 
reported for the mitochondrion-bound coenzyme: these reactions 
were essentially unaffected by inorganic phosphate or ADP; and 
the oxidation of coenzyme Q hydroquinone was found to be sensi- 
tive to antimycin A whereas reduction of coenzyme Q was not 
affected by antimycin. 


Acknowledgments—The authors wish to thank Dr. D. E. Green 
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The Effects of Coenzyme A upon the Oxidation of 
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Coenzyme A has widespread metabolic effects (1,2). It plays 
a role in carbohydrate, amino acid, and fat metabolism, detoxi- 
fication, and other physiological processes which involve the 
acetyl group (1, 2). The present study presents evidence for 
the existence of chemical reactions between the sulfhydryl group 
of coenzyme A and oxidation products of epinephrine and nor- 
epinephrine. The reactions proceed under physiological condi- 
tions in vitro. Modification of coenzyme A might be a basis 
of the biological effects of the catechol amines. 


EXPERIMENTAL PROCEDURE 


Coenzyme A was obtained from the Nutritional Biochemicals 
Corporation. Comparison of the measured and theoretical con- 
tent of the sulfhydryl group (3) indicated that 44% by weight 
of this preparation was coenzyme A. The /-bitartrate forms of 
epinephrine and norepinephrine were obtained from the Win- 
throp-Stearns Company. Solutions containing 100 yg of a cat- 
echol amine per ml of 0.01 n HCl were kept in the refrigerator, 
and aliquots were taken for daily use. The tyrosinase came 
from the Worthington Biochemical Corporation. Separate so- 
lutions containing 2.3 < 10-* m coenzyme A, 4.55 xX 10° Mm 
ascorbic acid, and 100 units of tyrosinase (4) per ml of water 
were prepared daily. Other reagents included 5 n NaOH and 
50 wg of p-chloromercuribenzoic acid per ml of 0.05 n NaOH. 
The buffer was 0.1 m sodium phosphate at pH 7.4. 

In one series of experiments (Figs. 1, 2), 100 units of tyro- 
sinase were added at zero time to solutions containing coenzyme 
A, 1.48 < 10-® m norepinephrine, and 2.5 x 10-? m phosphate 
buffer. The total volume of each solution was adjusted to 4 
ml with water. Subsequently, the noradrenochrome formed as 
a result of the action of tyrosinase was completely converted 
to noradrenolutine by addition of a solution containing 0.25 ml 
of ascorbic acid and 0.75 ml of 5 n NaOH, the final volume 
being adjusted to 10 ml by addition of water (4). Five min- 
utes later, the stable fluorescence of the noradrenolutin was 
measured in the Farrand fluorimeter, model A, with the primary 
filter Fisher No. 365 and the secondary filter Wratten No. 57. 
In some cases, the sulfhydryl group of coenzyme A was removed 
from the free state by addition of sodium p-chloromercuriben- 
zoate before the tyrosinase, the procedure otherwise remaining 
unchanged (4) (Fig. 2). 

In another series of experiments (Figs. 3, 4), separate solu- 
tions of 10 ml containing coenzyme A, 3.55 X 10-5 Mm norepi- 


* This investigation was supported in part by grants from the 
National Institutes of Health of the United States Public Health 
Service, and the American Medical Association. 
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nephrine, and 10-? m phosphate buffer were formed. To each 
of these was added 0.1 gm of manganese dioxide. During the 
subsequent 3 minutes of stirring, the sulfhydryl group, in 1 ml 
aliquots, was determined by the method of Ellman (3) (Fig. 
4). After 3 minutes of reaction, the manganese dioxide was re- 
moved by centrifugation. The absorbancies of the experimental 
solutions were then determined in the Beckman model DU spec- 
trophotometer with mercury are lamp. Subtraction of the ap- 
propriate blanks yielded the net absorbancies. 


RESULTS 


The amount of noradrenochrome developed from 1 yw of nor- 
epinephrine as a result of the action of 200 ug of tyrosinase 
reached a plateau after 6 minutes. No further increase resulted 
from the addition of potassium ferricyanide. Coenzyme A 
caused a decrease in the plateau level of noradrenochrome (Fig. 
1). Increase in coenzyme A beyond 5 x 10-* m caused little 
additional effect. Sodium p-chloromercuribenzoate produced a 
decrease in the suppressive action of coenzyme A (Fig. 2). The 
amount of p-chloromercuribenzoate which fully restored nor- 
adrenochrome was, over a wide range, closely equivalent to the 
amount of coenzyme A. 

The formation of noradrenochrome from norepinephrine under 
the influence of manganese dioxide was complete within 3 min- 
utes, in the presence or absence of coenzyme A. Manganese 
dioxide had no effect upon the sulfhydryl group of coenzyme 
A. In agreement with previous work (1, 5), at 293 mu the 
absorbancy of noradrenochrome was at a maximal level whereas 
that of coenzyme A had an almost negligible value. Hence, 
more definitive results were yielded by measurements at 293 mu 
than at any other wave length. The absorbancies at 293 mu 
remaining after subtraction of the almost negligible contribution 
of coenzyme A itself decreased linearly from the value charac- 
teristic of noradrenochrome to zero as the molarity of coenzyme 
A approached the initial concentration of the norepinephrine 
(Fig. 3). Reaction of relatively small amounts of coenzyme A 
led to complete disappearance of the sulfhydryl group, but the 
sulfhydryl group in excess of the initial amount of norepineph- 
rine remained intact (Fig. 4). Similar results were obtained in 
each case when epinephrine was used instead of norepinephrine. 


DISCUSSION 


The results in the present study were consistent with the as- 
sumption of chemical reactions between the sulfhydryl group 
of coenzyme A and oxidation products of norepinephrine and 
epinephrine. The decrease in noradrenochrome which resulted 
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° 2.0 4.0 6.0 8.0 10.0 
Coenzyme Ain moles per liter x 10° 
Fig. 1. Maximal fluorescence developed from 1.48 X 10-* m 
norepinephrine in solutions of 4 ml containing 2.5 X 10-? m sodium 
phosphate buffer at pH 7.4, 25 units of tyrosinase per ml, and 
variable concentrations of coenzyme A. Reading of water, 15. 
See the text. 


90 4 Coenzyme A: 1.4 x 10° moles/liter 





+Coenzyme A:8.5% 10°° moles/liter 








GRY We “Hse Beer WRT WR Beaten 
Moles of Sodium P-Chloromercuribenzoate per liter x 10° 

Fie. 2. Maximal fluorescence developed from 1.48 X 10-* m 
norepinephrine in solutions of 4 ml containing 2.5 X 10-? m sodium 
phosphate buffer at pH 7.4, 25 units of tyrosinase per ml, 1.4 X 
10-* or 8.5 X 10-* m coenzyme A, and variable concentrations of 
sodium p-chloromercuribenzoate. Reading of water, 16. See the 
text. 
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Coenzyme A in moles per liter x 106 

Fig. 3. Absorbancy at 293 my versus concentration of coenzyme 
A for solutions containing, in volumes of 10 ml, 10-? m sodium 
phosphate buffer at pH 7.4, 3.55 X 10-* m norepinephrine, coen- 
zyme A, and 0.1 g of manganese dioxide. The manganese dioxide 
was separated by centrifugation after 3 minutes of stirring. The 
plotted values represent the differences between the absorbancies 
of the experimental solutions and of the corresponding blanks 
without norepinephrine. 
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Fic. 4. Variation with time of sulfhydryl in 1 ml aliquots of 
solutions containing, in volumes of 10 ml, 5.22 X 10-5 m norepi- 
nephrine, 10-? m sodium phosphate buffer at pH 7.4, coenzyme A, 
and 0.1 g of manganese dioxide. Curve 1, the solution contained 
1.7 X 10-' m coenzyme A. Curve 2, one with 3.4 X 10-5 m coen- 
zyme A. Curve 3, a solution with 5.7 X 10-'m coenzyme A. The 
sulfhydryl group was determined by measurement of absorbancy 
at 412 my, according to the technique of Ellman (3). 


from the presence of coenzyme A depended upon the existence 
of free sulfhydryl groups and, in turn, was accompanied by a 
corresponding disappearance of the sulfhydryl group. With 
manganese dioxide, the sulfhydryl group in one mole of coen- 
zyme A essentially reacted with one mole of a derivative of 
norepinephrine. 

Isolation and identification of new products would be the ideal 
way to demonstrate the existence of chemical reactions. The 
results set forth in the present paper indicate strongly the prof- 
itability of further chemical studies in these directions. Sim- 
ilar reactions have been reported between the sulfhydryl groups 
of cysteine and glutathione and oxidation products of the cat- 
echol amines and I/-dihydroxyphenylalanine (4, 6). The reac- 
tions of coenzyme A with derivatives of the catechol amines 
have potential biological importance. Since the physiological 
activity of coenzyme A depends in part upon the sulfhydryl 
group (1), the reaction products may represent pathways of en- 
zymatic inactivation. The possibility exists that such inactiva- 
tion is the method by which the catechol amines produce their 
physiological effects. Coenzyme A and enzymes that can oxi- 
dize epinephrine or norepinephrine toward adrenochrome or nor- 
adrenochrome, such as the cytochrome system, exist in the many 
tissues which react to the catechol amines. Further studies are 
in progress. 


SUMMARY 


The presence of coenzyme A led to a decrease in the develop- 
ment of noradrenochrome from norepinephrine. The experimen- 
tal evidence indicated that coenzyme A reacted with oxidation 
products of the catechol amines. Other sulfhydryl compounds 
had been shown to react similarly. 
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(Received for publication, May 9, 1960) 


At least three pyridine nucleotide dehydrogenases catalyze 
the reduction of hydroxypyruvate to p- or L-glycerate (1, 2). 
Studies of one of these, muscle t-lactic dehydrogenase, with py- 
ruvate as the substrate, have demonstrated that this enzyme 
has steric specificity for the deuterium in A-DPND (8).!_ A pre- 
liminary experiment performed in 1953 revealed another one of 
these enzymes, parsley leaf p-glyceric dehydrogenase, also cat- 
alyzes the removal of deuterium from A-DPND (4). The 
DPND specificity of the third enzyme, potato tuber L-lactic 
dehydrogenase (5, 6), which has been shown to catalyze the re- 
duction of hydroxypyruvate as well as pyruvate (2), has not 
been reported until now. 

The present paper describes the results of a study that en- 
compasses all three reactions. Evidence will be presented which 
shows that all three enzymes catalyze the direct stereospecific 
transfer of deuterium from A-DPND to hydroxypyruvate to 
form 2-deuterioglycerate. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


Parsley leaf p-glyceric dehydrogenase was obtained from the 
soluble extract of frozen parsley by (NH4)2SO, fractionation as 
described by Stafford et al. (2). Experiment 1 (Table I) was 
performed with an enzyme preparation of undetermined specific 
activity. In Experiment 2, a different preparation with about 
50 units? of activity per mg of protein was used. This prepara- 
tion was almost colorless and showed very slight DPNH oxidase 
activity. 

Potato tuber lactic dehydrogenase was prepared from freshly 
expressed potato juice containing 0.01% 8-hydroxyquinoline by 
(NH,4)2SO, fractionation as described by Barron et al. (5). The 
Ca;(PO4)2 step was omitted. The final preparation was very 
dark in color and had a specific activity of about 2 to 3 units 
per mg of protein. 


* Present address, Biology Department, Reed College, Port- 
land, Oregon. 

+ A laboratory of the Western Utilization Research and Devel- 
opment Division, Agricultural Research Service, United States 
Department of Agriculture. 

1 The abbreviations used are: DPND, reduced diphosphopyri- 
dine nucleotide containing deuterium in the para position of the 
nicotinamide ring; A-DPND (formerly designated a-DPND), the 
stereoisomer of DPND obtained by reduction of DPN*t with 1,1- 
di-deuterioethanol in the presence of yeast alcohol dehydrogenase ; 
and B-DPND (formerly designated 6B-DPND), the other dias- 
tereomer of DPND. 

2 One unit equals the amount of enzyme causing a change in 
optical density of 0.01 per minute, for all enzyme preparations 
described in this paper. 


Crystalline yeast alcohol dehydrogenase and crystalline rabbit 
muscle lactic dehydrogenase were obtained commercially. The 
lactic dehydrogenase had a specific activity of 90,000 units per 
mg of protein. 

Lithium hydroxypyruvate was synthesized from twice redis- 
tilled pyruvic acid by the procedure of Dickens and Williamson 
(7). The first crystalline product which was assayed indicated 
75 to 80% as hydroxypyruvate by both chemical and enzymatic 
methods (8) and was used without further recrystallization. The 
preparation was devoid of pyruvate as shown by comparison of 
its reduction with DPNH in the presence of muscle lactic dehy- 
drogenase and parsley leaf glyceric dehydrogenase. ‘ 

Calcium p-glycerate was obtained by resolving the quinine 
salts of pi-glyceric acid. When recrystallized from aqueous 
ethanol, the salt had a [a]? + 14.3° (ce 2.5, HO). Calcium 
L-glycerate was synthesized from L-sorbose by oxidative degra- 
dation. The procedure of Perlin and Brice (9) was used. Since 
L-sorbose was not as soluble as p-fructose in aqueous acetic acid, 
Perlin’s procedure had to be modified to the extent of dissolving 
10 g of L-sorbose in 20 ml of water followed by 50 ml of glacial 
acetic acid. Immediately preceding the addition of the lead 
tetraacetate solution (25.6 g in 100 ml of glacial acetic acid), 150 
ml of glacial acetic acid were added to the clear sorbose solution. 
In this way it was possible to avoid crystallization of sorbose 
from the reaction mixture before it had been acted upon by the 
oxidant. The syrup of t-glyceraldehyde obtained from the lead 
tetraacetate oxidation was further oxidized with Bre (10) to L- 
glyceric acid which was recovered and recrystallized as its calcium 
salt, [a]$ —14.0° (c 3.3,H,O). A 12% solution of (NH4).MoO, 
enhanced the rotation, [a]J> —107 + 4° (ce 0.33, HO) (11). 
Portions of the p- and L-glycerates were converted to their p- 
phenyl phenacyl esters (2) and both the p- and L-esters melted 
at 147° (Fisher-Johns apparatus, corrected). A mixture of equal 
amounts of the two enantiomorphs melted at 130-132°. 

p-Glycerate in Experiment 1 was recovered as its phenacyl 
ester (12). This ester had not been described previously. It 
was conveniently recrystallized from n-propanol with petroleum 
ether (88-98° range). The recrystallized ester melted at 90-91° 
and had a [a]> —7.3° (c 2.7, n-propanol). 

The preparation of sodium pyruvate, lithium tL-lactate, and 
phenacy] t-lactate has been described (3). A-DPND was pre- 
pared from commercially prepared DPN+ (90%) and 1,1-di- 
deuterioethanol in the presence of yeast alcohol dehydrogenase 
(13). The reduced DPN was recovered as the Tris salt with a 
purity of 73%. 

Compounds to be analyzed for deuterium were treated by dry 
combustion over platinum and microfiber quartz at 750° and the 
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water of combustion was collected in individual, sealed tubes. 
Each water sample was converted individually to hydrogen by 
the sealed tube technique of San Pietro (14). Hydrogen-deu- 
terium ratios were obtained on a Consolidated-Nier Model No. 
21-201 isotope ratio mass spectrometer through the courtesy of 
Professor C. C. Delwiche, Kearney Foundation, University of 
California. 


RESULTS 


Deuterium was transferred from A-DPND to substrate in all 
experiments described in this paper. The experiments with pars- 
ley leaf p-glyceric dehydrogenase which catalyzes the reaction 


Hydroxypyruvate + DPNH + H+-— p-glycerate + DPN+ 


are summarized in Table I. The preliminary experiment re- 
ferred to earlier is Experiment 1. Direct transfer of 1.09 atoms 


TaBLeE I 

Direct transfer and steric specificity in parsley leaf p-glyceric 

dehydrogenase reaction 

Experiment 1. To 300 umoles of A-DPND dissolved in 5 ml of 
0.5 m Tris-HCl buffer, pH 7.4, were added 300 umoles of sodium 
hydroxypyruvate (prepared according to Sprinson and Chargaff 
(15)) in 1.7 ml of water and 1.5 ml of parsley leaf protein extract 
(2) containing 150 mg of protein. The reaction mixture was ad- 
justed to 10 ml with water and incubated at room temperature for 
60 minutes. After incubation, the solution was equally divided 
into two portions, one (A), to be used for recovery of oxidized 
DPN;; the other (B), for recovery of p-glyceric acid. 

Portion A was incubated an additional 10 minutes with an addi- 
tional 60 umoles of sodium hydroxypyruvate and then placed in a 
boiling water bath for 1.5 minutes followed by rapid cooling and 
stored at —15° overnight. The solution was adjusted to pH 3 to 
4, 10 ml of cold absolute ethanol added, and centrifuged. The 
solids were discarded. To the centrifugate were added 40 ml of 
absolute ethanol. The DPN?* precipitated out slowly at —15° 
and was centrifuged free from the reaction mixture and washed 
successively with ethanol, ethanol-ether, and finally ether. The 
deuterium content of the dried DPN was determined by dry com- 
bustion of known quantities of DPN and glycine (as diluent) and 
conversion of the water of combustion to hydrogen gas (16). 

Portion B was inactivated at the end of the 60-minute incuba- 
tion with 1 ml of 5 n H.SO, and stored at —15° overnight. The 
solution was extracted 55 hours with ether, the extract evapo- 
rated, and the acidic residues taken up in 1 ml of HO. Titration 
with Na,CO; gave 144 umoles of acid. The neutral solution was 
stored for several months at —15° before further purification and 
preparation of the phenacyl ester. Recovery was effected by 
placing the neutral solution on a Dowex 1-formate ion exchange 
column, washing the resin with water, and eluting the glyceric 
acid with 0.02 n formic acid. The fractions containing glyceric 
acid were concentrated almost to dryness to remove formic acid. 
The 105 wmoles of glyceric acid recovered from the combined frac- 
tions were diluted with 1600 umoles of calcium p-glycerate, de- 
ionized, and converted to the sodium salt. The sodium glycerate 
was converted to its phenacyl ester and recrystallized from n- 
propanol-petroleum ether. The final melting point was 90-91°. 
Deuterium analysis of this compound was kindly performed by 
Dr. H. R. Levy. 

Experiment 2. A-DPND (80 umoles) was dissolved in 1 ml of 
0.5 m Tris-HCl buffer, pH 7.4, and diluted to 4.0 ml with water. 
Parsley leaf protein solution (0.5 ml), containing about 3000 units 
of p-glyceric dehydrogenase activity and 85 umoles of crystalline 
lithium hydroxypyruvate dissolved in 1 ml of water, was added. 
Incubation at room temperature for 15 minutes resulted in com- 
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TABLE 1—Continued 


plete oxidation of the DPND. After 2 minutes in a boiling water 
bath followed by rapid cooling, the reaction mixture was centri- 
fuged. The centrifugate was acidified, extracted with ether in a 
Kutscher-Steudel extractor over two 24-hour periods with two 
portions of ether, the portions combined, and the ether removed. 
Assay with naphthoresorcinol (2) showed that 78 umoles of gly- 
ceric acid had been recovered. This was diluted with 788 umoles 
of sodium p-glycerate solution and converted to its p-phenyl 
phenacylester. After two recrystallizations, 77 mg of ester melt- 
ing at 147° were recovered. 

















DPN p-Glycerate ester 
Experiment | Atom % excess D Atom % excess D 

No. | Atom D Atom D 
Found | ee molecule Found — —- ecule 
| dilution dilution 

1 | 0.041 | 0.44 | 0.09 0.55 9.07* 1.09 
| 0.034 | 0.52 | 0.07 
| 0.043 | 0.81 | 0.05 | 
| 0.036 0.63 | 0.06 

2 | 0.488 5.427 0.87 














* Phenacyl p-glycerate, theory, 8.32 atom % excess D for 1 D 
per molecule. 

T p-Phenyl phenacy] p-glycerate, theory, 6.25 atom % excess D 
for 1 D per molecule. 


of deuterium was observed in this reaction but very little signifi- 
cance should be placed upon the appearance of more than 1 atom 
of deuterium in the product since an unusual amount of manipu- 
lation was involved in the recovery of the p-glycerate and the 
dilution factor could be in error by as much as 10to 15%. The 
presence of 0.05 to 0.09 atom of deuterium in the DPN recovered 
from the completed reaction has some significance. An excess 
of substrate was present in that portion of the reaction mixture 
reserved for recovery of the DPN. Unfortunately, only 27% 
of this DPN showed enzymatic activity as compared to 66% 
for the starting material and it was not possible at the time to 
determine the exact distribution of deuterium between active 
and inactive portions. Dilutions were calculated on the assump- 
tion that deuterium was equally distributed throughout both por- 
tions. 

In Experiment 2, 0.87 atom of deuterium was recovered in the 
p-glycerate. In both experiments, relatively crude enzyme prep- 
arations were used but the one used in Experiment 2 was more 
active, had little color, and was practically devoid of DPNH 
oxidase activity. Cumulative error due to the assay and dilu- 
tion of p-glycerate and the assay of deuterium was less than 5% 
(as was true of all experiments reported below). 

Muscle lactic dehydrogenase catalyzes the reaction 


Hydroxypyruvate + DPNH + H+ -glycerate + DPN+ 


As seen in Table II, when this substrate is reduced by A-DPND 
in the presence of muscle lactic dehydrogenase, a direct stereo- 
specific transfer of 0.98 atom of deuterium per molecule occurs. 
This reaction is analogous to the reduction of pyruvate to form 
L-lactate catalyzed by the same enzyme which has been studied 
previously (3). For comparative purposes, the pyruvate reduc- 
tion was repeated with this enzyme preparation and A-DPND 
(Experiment 4). The results obtained in Table II provide a 
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basis for judging the isotopic purity of the A-DPND and provide 
a means of comparison among the other five experiments. 
Potato tuber lactic dehydrogenase (5, 6) catalyzes the reaction 


Pyruvate + DPNH + H+-1-lactate + DPN+ 


Barker and El Saifi (17) demonstrated that at least 90% of the 
lactate formed in the potato was the L-isomer. Stafford e¢ al. 
(2) discovered that with the same enzyme preparation hydroxy- 
pyruvate was almost as effective a substrate as pyruvate. The 
configuration of the reduced substrate was not determined but 
presumably would be t-glycerate. The experiments described 
in Table III show that this enzyme catalyzes a direct transfer of 
deuterium from A-DPND to both pyruvate and hydroxypyru- 
vate. All dilutions were made using nonisotopic L isomers and 
the dilution factors were calculated on the basis of actual lactate 
or glycerate in the final reaction mixture as determined by chem- 
ical assay. The fact that 0.93 and 0.88 atom of deuterium per 
molecule in the case of phenacy] lactate and 0.90 atom of deu- 
terium per molecule in the case of p-phenyl phenacy] glycerate 
were obtained would indicate that both pyruvate and hydroxy- 
pyruvate were reduced to form the L-hydroxy acid. 
Preincubation of the potato enzyme with A-DPND did not 
result in an appreciable loss of deuterium from the DPN (Ex- 
periment 6). There was no detectable decrease in the optical 
density at 340 my during this preincubation, indicating the ab- 
sence of DPNH oxidase activity. Nevertheless, as noted in 
Table IV, an appreciable fraction of the DPND could not be 
reoxidized after preincubation with enzyme despite the presence 
of excess pyruvate in the final reaction mixture. It should also 
be noted that whereas hydroxypyruvate was quantitatively re- 


TaBLeE II 


Direct transfer and steric specificity in muscle 
L-lactic dehydrogenase reaction 


Experiment 3. A-DPND (80 umoles) dissolved in 1 ml of 0.5 m 
K phosphate buffer, pH 7.35, was added to 2.2 ml of distilled water 
containing about 50,000 units of muscle lactic dehydrogenase (0.6 
mg). To this were added 85 umoles of lithium hydroxypyruvate 
dissolved in 1 ml of distilled water. Complete oxidation of DPN 
as measured by the optical density change at 340 my was reached 
in 20 minutes. The reaction mixture was held in a boiling water 
bath for 3 minutes, cooled, and centrifuged. Glyceric acid (80 
umoles) recovered from the centrifugate in the manner described 
in Experiment 2 was diluted with 704 wmoles of sodium L-glycer- 
ate, and converted to its p-phenyl phenacyl ester. A total of 109 
mg of twice recrystallized ester melting at 147° was recovered. 

Experiment 4. This incubation mixture differed from that of 
Experiment 3 only in one respect, 84 wmoles of sodium pyruvate 
were used to initiate the reaction instead of hydroxypyruvate. 
The 81 umoles of lactate formed were diluted with 1042 umoles of 
lithium L-lactate, acidified, extracted for 3 hours in a Kutscher- 
Steudel extractor with ether, and, after the ether had been re- 
moved, converted to the phenacyl ester. One recrystallization 
gave a product of 105 mg melting at 87°. 











Atom % excess D 
E i- , Atom D 
sae ie. Compound analyzed Coated a. 
Found 
dilution 
3 p-Phenyl phenacyl tL-| 0.624 6.12 0.98 
glycerate 
4 Phenacyl t-lactate 0.567 7.88 0.95 
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TaBe III 
Direct transfer and steric specificity in potato 
tuber L-lactic dehydrogenase reaction 

Experiment 5. A-DPND, 80 umoles, was dissolved in 1 ml of 
0.5 m Tris-HCl buffer, pH 7.35, and added to 5 ml of a potato tuber 
soluble protein extract containing about 1000 units of L-lactic de- 
hydrogenase activity. Within 2 minutes, 80 umoles of sodium 
pyruvate dissolved in 0.3 ml of water were also added to initiate 
the reaction. The available DPND was completely oxidized in 
8.5 minutes as measured by the decrease in optical density at 340 
my and the fact that an additional increment of sodium pyruvate 
could effect no further change in the optical density. After 2 
minutes in a boiling water bath, the reaction mixture was cooled, 
centrifuged to remove denaturated protein, the residues washed 
with an additional 5 ml of water, centrifuged, and the centrifu- 
gates combined. The total reaction mixture contained 60.6 
umoles of lactate as measured by assay with p-hydroxydiphenyl 
(18). A portion containing 31.8 ymoles of lactate was diluted 
with 616 wmoles of lithium L-lactate, acidified, extracted with 
ether, and converted to the phenacyl] ester. 

Experiment 6. Except for differences in the quantity of enzyme 
and substrate and the length of preincubation time of enzyme 
and pyridine nucleotide, this experiment was similar to Experi- 
ment 5. The A-DPND was incubated for 12 minutes with 6 ml 
of the potato tuber enzyme at room temperature. At the end of 
this time, 82 wmoles of sodium pyruvate in 0.1 ml of water were 
added. Within 9 minutes, the optical density at 340 my had 
dropped to a constant lower reading that was unaltered by a fur- 
ther addition of sodium pyruvate. The change in optical density 
corresponded to the oxidation of 59 ymoles of DPN. The reac- 
tion mixture was placed in a boiling water bath for 2 minutes, 
cooled, and then treated as in Experiment 5. Chemical assay 
showed the presence of 55 umoles of lactate. A portion contain- 
ing 27.1 umoles was diluted with 708 wmoles of lithium L-lactate 
and converted to the phenacyl ester. 

Experiment 7. A-DPND, 80 yumoles, dissolved in 1 ml of 0.5 m 
Tris-HCl buffer, pH 7.35, was added to 5 ml of potato tuber en- 
zyme. Within 2 minutes, 50 to 55 wmoles of lithium hydroxy- 
pyruvate were added to initiate the reaction. Within 7 minutes, 
the optical density at 340 my had dropped to a lower constant 
value corresponding to an oxidation of 51 wymoles of DPN. After 
inactivation and treatment of the reaction mixture as in Experi- 
ment 5, assay with naphthoresorcinol showed the presence of 51.8 
umoles of glycerate. A portion containing 27.2 wmoles was diluted 
with 587 uwmoles of sodium L-glycerate and converted to the p- 
phenyl phenacyl] ester as described in Experiment 2. The twice 
recrystallized ester was recovered in a yield of 55 mg melting at 
147°. 

















| Atom % exces D 
" . Atom D 
E * 
oar ti “a Compound analyzed Chiccisiadl a 
Found for 
dilution 
5 Phenacy] t-lactate 0.383 7.73 0.93 
6 Phenacy] t-lactate 0.271 7.34 0.88 
7 p-Phenyl phenacyl 0.248 5.65 0.90 
L-glycerate 











covered as glycerate, in neither of the experiments involving py- 
ruvate (Experiments 5 and 6) was a quantitative recovery of 
lactate possible. Since the amount of lactate not recovered was 
about the same in both experiments, it would appear that a com- 
peting reaction for pyruvate (but not hydroxypyruvate) was also 
present in the reaction mixture. It would also appear that this 
competing reaction was not dependent upon DPNH. 
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TaBLe IV 


Stoichiometry of reactions catalyzed by crude potato 
tuber extract containing lactic dehydrogenase 











Substrates added be pre 
cally active 
Experiment A-DPND | Lactate or | DpN+ re- 
No. Pyruvate or | oxidized* yee maining in 
A-DPNH | hydroxypy- final reaction 
ruvate mixturet 
pmoles pumoles umoles pmoles umoles 
5 80 80 77 61 45 
6 80 82 59 55 48 
7 80 50-55 51 52 48 




















* As determined by the decrease in optical density at 340 mu. 

+ As determined by chemical assay (2, 18). 

t As determined by reduction with ethanol in the presence of 
yeast alcohol dehydrogenase. 


DISCUSSION 


The results obtained in these experiments on the reduction of 
hydroxypyruvate by three different pyridine nucleotide-depend- 
ent dehydrogenases indicate that all show steric specificity for 
deuterium from A-DPND regardless of which enantiomorph of 
glycerate is produced. One might conclude from this study that 
the steric specificity shown by dehydrogenases is an inherent 
quality of the enzyme itself; that the site at which the substrate 
(in this instance, hydroxypyruvate) is bound, determines the 
steric configuration of the reduced product, whereas steric orien- 
tation of the DPN bound at a second site determines which hy- 
drogen on the para carbon of the reduced nicotinamide ring will 
be transferred. This can be diagrammed as shown in Fig. 1. 


A-OPNH SPECIFICITY 
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OF REDUCED CARBON 
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NICOTINAMIDE D-SUBSTRATE 
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REDUCED CARBON 
OF 
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8-DPNH SPECIFICITY 


Fic. 1. A diagram depicting the four possible combinations for 
direct hydrogen transfer between the para carbon of the nicotin- 
amide moiety of DPN and enantiomorphic substrates when these 
molecules are bound at separate sites on the enzyme. 


Hydrogen Transfer by Glyceric and Lactic Dehydrogenases 
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According to this diagram, muscle lactic dehydrogenase and 
potato tuber lactic dehydrogenase are of the Enzyme AL type, 
Parsley leaf glyceric dehydrogenase is of the Enzyme Ap type. 
Other enzymes requiring B-DPNH and forming enantiomorphic 
reduced products might be found among the steroid dehydrogen- 
ases since one such reaction has already been described (19), 
Whether enzymes exist that have different steric specificity for 
DPNH but produce the same enantiomorphic reduced product 
(Enzymes At and Bu or Enzymes Ap and Bp) is not known. 
The possible role of A-B pairs with different substrates has al- 
ready been discussed (4). 

Recently, Dennis and Kaplan (20) described two DPN-de- 
pendent lactic dehydrogenases which were isolated from Lacto- 
bacillus plantarum and shown to be specific for the L or D isomer 
of lactic acid. Both dehydrogenases removed deuterium from 
A-DPND, therefore these enzymes are of the Enzyme AL and 
Ap type, respectively. 


SUMMARY 


A-DPND, prepared by the reduction of diphosphopyridine 
nucleotide with 1, 1-di-deuterioethanol in the presence of yeast 
alcohol dehydrogenase, was oxidized by hydroxypyruvate in the 
presence of parsley leaf glyceric dehydrogenase, muscle t-lactic 
dehydrogenase, or potato tuber t-lactic dehydrogenase. All 
three enzymes catalyzed the removal and direct transfer of 
deuterium from A-DPND to hydroxypyruvate to form 2-deute- 
rio-p-glycerate in the case of parsley leaf p-glyceric dehydro- 
genase, or 2-deuterio-t-glycerate in the case of muscle or potato 
tuber t-lactic dehydrogenase. It was also found that the latter 
enzyme catalyzed the direct stereospecific transfer of deuterium 
from A-DPND to pyruvate to form L-lactate, a reaction already 
demonstrated by the muscle enzyme. 


Acknowledgments—We wish to thank Mr. Stanley Kelly for 
assistance in the chemical assays of lactate and glycerate. We 
are deeply grateful to Professor Birgit Vennesland for her 
generous encouragement and help. 


Addendum—After submitting this paper for publication, we 
became aware of the experiments of Jarabak (see Talalay and 
Levy (21)) in which he demonstrated the stereospecific transfer 
of hydrogen from the epimeric 3-hydroxysteroids, androsterone 
and epi-androsterone to DPN* to form B-DPNH in the presence 
of 3a-hydroxysteroid dehydrogenase and 36-hydroxysteroid de- 
hydrogenase, respectively. Therefore, these enzymes would be 
of the Bp and Bt types, respectively (22, 23). 
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Partial Resolution of the Enzymes Catalyzing 
Oxidative Phosphorylation 


I. PURIFICATION AND PROPERTIES OF SOLUBLE, DINITROPHENOL-STIMULATED 
ADENOSINE TRIPHOSPHATASE* 
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Bacterial extracts capable of catalyzing oxidative phospho- 
rylation have been fractionated into a particulate and a soluble 
protein fraction, both of which are required for activity (1, 2). 
However, in fragmented mitochondria of animal tissues, coupled 
phosphorylation has been found to be associated exclusively with 
submitochondrial particles (3-8). Preliminary reports from 
this laboratory demonstrated that the oxidative phosphoryla- 
tion system of mechanically fragmented beef heart mitochondria 
could, however, be separated into two components (9,10). The 
particulate fraction catalyzed electron transport without con- 
comitant phosphorylation. The addition of the soluble com- 
ponent to the particulate fraction restored oxidative phospho- 
rylation. Somewhat similar preliminary results have also been 
reported by Linnane (11). 

During early attempts to purify the soluble component (cou- 
pling factor), it was observed that a magnesium dependent, 
dinitrophenol-stimulated ATPase was purified together with the 
phosphorylation activity. Characterization and further purifi- 
cation of the ATPase was, therefore, undertaken in order to 
evaluate its relation to the coupling factor. It is the purpose 
of this paper to describe the purification and properties of the 
ATPase. In an accompanying paper (12) evidence will be 
presented suggesting that the ATPase and the coupling activities 
are catalyzed by the same protein. 


EXPERIMENTAL PROCEDURE 


Reagents—Glass distilled water (13) was used for the prepara- 
tion of all solutions. The Ag, Ba salt of phosphoryl-enolpyru- 
vate was purchased from Boehringer and Soehne, Mannheim, 
Germany, and converted to the potassium salt according to the 
method of Lohmann and Meyerhof (14). The nucleoside 
mono-, di-, and triphosphates were commercial preparations of 
the Sigma Chemical Company. n-Butyl-3, 5-diiodo-4-hydroxy- 
benzoate and benzyloxy-3 , 5-diiodobenzoic acid were kindly pro- 
vided by Dr. Fritz Lipmann. The protamine sulfate solution 
was prepared in the following manner: 1 g of protamine sulfate 
(Krishell Laboratories) was dissolved in 50 ml of water. The 
solution was neutralized to pH 7.0 with approximately 1.2 ml 


* This work was supported by Grants Nos. A-1219 and C-3463 
from the National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland. 

t Predoctorate Fellow, National Cancer Institute, National 
Institutes of Health. 


of 1 n KOH. The turbid solution was diluted to 100 ml with 
water and cooled for 20 min in an ice bath. After centrifuga- 
tion at 10,000 x g for 10 min, an equal volume of water was 
added to the clear supernatant solution. Pyruvate kinase was 
purchased from Boehringer and Soehne. Adenylic deaminase 
(15), adenylic kinase (16), and crystalline hexokinase (17) were 
prepared as described. 

Analytical Methods—P; was measured by the method of 
Lohmann and Jendrassik (18), scaled down to a final volume of 
10 ml. AMP, ADP, and ATP were determined by the method 
of Kalckar (19). Hexokinase was measured spectrophotomet- 
rically (20). Particulate protein was solubilized with deoxy- 
cholate and determined by the biuret method (21). Soluble 
protein was measured spectrophotometrically (22). 

Definition of Unit and Specific Activity—A unit of activity is 
defined as that amount of enzyme which catalyzes the turnover 
of 1 umole of substrate per min under the specified assay condi- 
tions. Specific activity is expressed as units per mg of protein. 


RESULTS 


Determination of ATPase Activity by P; Released in Presence 
of ATP Regenerating System—As observed with the ATPase in 
liver mitochondria (23), the soluble ATPase isolated from beef 
heart mitochondria was markedly stimulated by an ATP re- 
generating system. Unless otherwise stated, the release of Pj 
from ATP was therefore measured in the presence of P-enol- 
pyruvate and pyruvate kinase to regenerate the ATP. For 
this assay, the incubation mixture contained, in a final volume 
of 1 ml, the following reagents: 50 umoles of Tris adjusted to 
pH 7.4 with 1 n acetic acid (24), 6 umoles of sodium ATP, pH 
7.4, 3 umoles of MgCle, 5 umoles of potassium P-enolpyruvate, 
pH 7.4,! and 32 ug of pyruvate kinase (diluted in 0.01 m Tris 
buffer, pH 7.4). When present, the concentration of dinitro- 
phenol was 5 X 10-*m. After a 5-min equilibration at 30°, an 
appropriate amount of enzyme (between 0.1 and 0.4 units) was 
added and the incubation continued for 10 min. The reaction 
was stopped by the addition of 0.1 ml of 50% trichloroacetic 
acid or by placing the incubation tube in a dry ice-acetone bath 
for 10 min. After centrifugation of the precipitated protein, 
0.5-ml aliquots of the supernatant solution were analyzed for Pj. 

Spectrophotometric Determination of ATPase Activity in Pres- 


1 A mixture of all reagents excluding the enzymes was prepared 
and pipetted as a single addition. 
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ence of ATP Regenerating System—In this assay the same re- 
generating system was used, but the formation of pyruvate 
from P-enolpyruvate was measured spectrophotometrically at 
340 mu in the presence of DPNH and lactic dehydrogenase. 
In a final volume of 1 ml, 50 wmoles of Tris-acetate buffer, pH 
7.4, 1 umole of MgCl., 0.2 umole of DPNH, 2 umoles of P-enol- 
pyruvate, 2 umoles of ATP, pH 7.4,' 13 yg of lactic dehydro- 
genase, and 32 wg of pyruvate kinase were added. A small 
blank of DPNH oxidation due to ADP contamination in the 
ATP solution is usually completed after 1 to 2 min. Then, the 
unknown sample containing ATPase was added and the reaction 
was followed for 3 min. Except for the first 30-sec readings 
which were disregarded, the reaction followed zero order kinetics. 
In contrast to the first assay, this assay can be used in the pres- 
ence of high Pj concentrations. It is also more suitable for 
determination of initial rates. 

Determination of ATPase Activity by P; Released in Absence 
of ATP Regenerating System—This assay was only used occa- 
sionally when it was necessary to exclude a possible effect on 
pyruvate kinase. The procedure was essentially the same as 
that described for the regenerating system, except that P-enol- 
pyruvate and pyruvate kinase were omitted. 


Purification of ATPase 


Step 1. Preparation of Crude Extract—The crude extract was 
prepared from beef heart mitochondria by the procedure de- 
scribed in the accompanying paper for the separation of the 
particulate and soluble component (12). If a completely clear 
supernatant solution was not obtained, centrifugation of the 
crude extract at 105,000 x g was repeated since the presence 
of particulate material results in coprecipitation of the enzyme 
during the pH fractionation. Further details are given in Table 
I. The specific activity of this fraction, measured in the absence 
of dinitrophenol, ranged from 0.5 to 1.5. 

Step 2. Removal of Isoelectric Precipitate—The clear extract 
containing 392 mg of protein in 90 ml of 0.25 m sucrose-0.002 m 
EDTA, pH 7.4, was adjusted with 0.5 to 0.6 ml of 1 N acetic 
acid to pH 5.4 at 4°. The solution was centrifuged at 18,000 x 
g for 15 min at 4° and the precipitate discarded. The pH of the 
supernatant solution was adjusted to 6.7 by the addition of 0.1 
ml of 2 m Tris, pH 10.7. 

Step 3. Fractionation with Protamine—For each 10 mg of 
protein recovered from Step 2, 0.2 ml of the protamine sulfate 
solution, prepared as described in “Experimental,” was slowly 
added at 4° with gentle mechanical stirring. After the addition 
of the protamine, stirring was continued for an additional 15 
min. The mixture was centrifuged for 15 min at 10,000 x g. 
To the supernatant’ solution was added the same amount of 
protamine sulfate as was added initially. Usually, over 95% 
of the activity was recovered from the first protamine precipi- 
tate. In this particular preparation, however, about 30% of 
the activity was recovered in the second precipitate. Since 
assays of the enzyme in the precipitate could not be carried out, 
both precipitates were worked up independently. They were 
dissolved at room temperature’ in a solution containing 0.4 m 

2 The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 

’ As a result of Step 3 the enzyme in solution became cold labile. 
It was therefore necessary to carry out all further manipulations 
with solutions at room temperature unless specifically stated 


otherwise. As an ammonium sulfate suspension, the enzyme is 
relatively stable in the cold. 
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ammonium sulfate pH 7.4, 0.25 m sucrose, 0.01 m Tris pH 7.4, 
and 0.001 m EDTA pH 7.4 to give a protein concentration of 
about 3 to 4 mg of protein per ml. A small insoluble residue 
was centrifuged off and discarded. To the clear, yellow super- 
natant solutions, an equal volume of saturated ammonium sul- 
fate solution, pH 5.5, was added with gentle stirring. The 
suspensions were kept at 4° for about 15 min to insure complete 
precipitation of the enzyme, and were then centrifuged. The 
precipitates were dissolved at room temperature in sucrose- 
Tris-EDTA as above, and reprecipitated by the addition of an 
equal volume of saturated ammonium sulfate solution. The 
first fraction (13.2 ml) was combined with the second fraction 
(6.2 ml) and stored at 4°. 

Step 4. Heating at 65°—The suspension of the enzyme, in 
ammonium sulfate, from Step 3 was centrifuged and the precipi- 
tate was dissolved in 3.0 ml of sucrose-Tris-EDTA to give a 
final protein concentration of 15 mg per ml. To this solution 
0.02 ml of 0.2 m ATP, pH 7.4, was added for each milliliter of 
solution and the mixture was placed in a water bath at 65° for 
2 min. After cooling to room temperature in a water bath at 
25°, and centrifuging at room temperature to remove the de- 
natured protein, the enzyme was precipitated from the super- 
natant solution (2.7 ml) by the addition of an equal volume of 
saturated ammonium sulfate. A second precipitation of the 
enzyme, carried out as described above, removed most of the 
added ATP (final volume, 4.3 ml). At this stage, the enzyme 
may be kept at 4° as a suspension in 50% ammonium sulfate 
for 3 weeks without appreciable loss in activity. 

For assay purposes, appropriate aliquots of the ammonium 
sulfate suspension were centrifuged and after decanting the 
supernatant solution and blotting the walls of the centrifuge 
tube with filter paper to remove excess ammonium sulfate, the 
enzyme was dissolved at room temperature in sucrose-Tris- 
EDTA solution. The enzyme solution must now be kept at room 
temperature. When it was planned to use such a solution for 
periods exceeding 3 hours, 1 umole of ATP per ml was added to 
prevent a slow decline of the activity. Under these conditions, 
the enzyme was stable for over 30 hours. A summary of the 
purification procedure is given in Table I. 

Effect of Time and Enzyme Concentration on ATPase Activity— 
The effect of enzyme concentration and time on the activity of 
the enzyme is shown in Figs. 1 and 2. In the absence of the 
ATP regenerating system, proportionality to enzyme concen- 
tration and linearity with time is difficult to obtain. Also, the 
activity without the regenerating system is markedly lower and 
less susceptible to stimulation by dinitrophenol (Fig. 2). These 
observations are consistent with the fact that ADP inhibits the 
enzyme, as will be shown later. A similar inhibition by ADP 
of ATPase in liver mitochondria has been reported (23, 25). 

Distribution of ATPase Activity after Fragmentation of Mito- 
chondria—In studies of the partition of the ATPase activity 
after fragmentation of the mitochondria, it was observed that 
the total activity, representing the sum of all fractions, was in- 
variably much greater than that of the starting material, indi- 
cating the release of a “latent ATPase” (Table II). About 70% 
of the total protein was recovered in the various fractions. The 
remainder of the protein presumably adheres to the glass beads 
used in breaking up the mitochondria (12). Procedures which 
are effective in releasing the “latent ATPase” of liver mito- 
chondria, such as preincubation at 30° for varying periods of 
time or the addition of dinitrophenol (26-29), had relatively 
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TaBLeE I 
Summary of purification procedure 
Specific 
activity 
Steps bof —_ momet a a, | Yield* 
Zz Zz 
a a 
| + 
at | me Unitsime | 
1. Crude extractf............ 80.0/392.0) 530 | 1.35) 2.35) 100 
2. Removal of isoelectric. 
MGIENEMEG, «.. wae d-ci danas s 77.0|179.6| 342 | 1.91) 3.48) 64 
3. Fractionation with pro- 
MIS ative Save cee ah oe kabe 19.4) 44.4) 415 | 9.36) 14.4 | 78 
4. Heating at 65°...........| 4.3] 14.8) 1130 |76.5 |114.0 | 214 























* Activity measured in the absence of 2,4-dinitrophenol (DNP). 

t The crude extract was prepared as described (12) with the 
exception that a large capacity, water-cooled reciprocal shaker, 
constructed by the Lourdes Instrument Company and modeled 
after the Nossal shaker (59), was used. In this preparation 4.3 g 
of heavy layer mitochondria were suspended in 140 ml of 0.25 um 
sucrose containing 0.002 m EDTA and shaken in the presence of 
85 cc of glass beads. The crude extracts obtained under these 
conditions fractionated in the same manner as those prepared in 
the Nossal shaker. 
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Fig. 1. Assay of ATPase activity. The assay was carried out 


in the presence (X——X) or absence (O——O) of the ATP re- 
generating system with the indicated amount of crude extract. 
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Fie. 2. Rate of ATP hydrolysis. X——X, with ATP regenerat- 
ing system; O——O, without regenerating system. Step 3 en- 
zyme (10g) was used; dinitrophenol (5 X 10-* Mm) was added as 
indicated. 
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little effect on the intact beef heart mitochondria. Stimulation 
by dinitrophenol was markedly increased after disruption of 
the mitochondria and was most striking in the supernatant 
solution. Further purification of this fraction again resulted 
in more than 100% recovery (cf. Table I). The increase in 
units was consistently encountered at Step 3, and after the heat 
step (Table I). With some preparations, incubation of the 
enzyme at Step 3 for 1.5 hours at 30° resulted in a 3- to 4-fold 
increase in total activity. Similar activations were not observed 
with either the crude extract or with the enzyme at Step 2. 


Properties of AT Pase 


Stoichiometry and Identification of Products of Reaction—The 
results presented in Table III demonstrate that only the ter- 
minal phosphate group of ATP is cleaved by the enzyme. For 
each mole of ATP which disappeared, 1 mole of P; and 1 mole 
of ADP were formed. The addition of dinitrophenol accelerated 
hydrolysis but did not affect the stoichiometry of the reaction. 

Effect of Temperature on Enzyme Activity—As mentioned ear- 
lier, the purified enzyme shows a remarkable lability to low 
temperature. As shown in Fig. 3, the activity of the enzyme 
dissolved in sucrose-Tris-EDTA solution declined rapidly at 4°, 
whereas at room temperature the activity usually increased. 
The rate of cold inactivation was first order, although the half- 
life varied between 15 and 60 min with different preparations. 
A gradual lowering of the temperature to 4° or prior exposure 
of the enzyme to 25-30° for various periods of time did not seem 
to affect the rate of cold inactivation. During all the manipu- 
lations described, the ratio of the activities, measured in the 
absence and presence of dinitrophenol, remained constant. 

It has not been possible to protect the enzyme against cold 




















TABLE II 
Distribution of ATPase activity 
| | Units Specific activity 
Fraction a | Yield* 
| | ~DNP | +DNP | —DNP |+DNP 
| mg Units/mg protein!) % 
Mitochondria......... | 1650 | 239.0 | 250.0 | 0.145 | 0.15 | 100 
27,000 X g residue....| 526 | 381.0 | 524.0 | 0.725 | 0.99 | 209 
105,000 X g residue...| 401 | 439.5 | 560.5 | 1.10 | 1.40 | 224 
105,000 X g superna- | | 
tant solution. ...... 218 | 157.2 | 283.2 | 0.72 | 1.30 | 113 








* Activity measured in the presence of dinitrophenol. 


TaBLeE III 
Stoichiometry of ATPase reaction 
The test system contained 0.006 m ATP, 0.006 m MgClo, 0.05 mu 
Tris-acetate buffer pH 7.4, and 5 ug of enzymein a total volume of 
1.0 ml. Incubations were carried out at 30° for 10 min. The 
reaction was terminated by quick freezing at —70°. Determina- 
tion of the products was carried out as described in the text. 














| Final 
Additions Initial ATP a 
are | apr | 5 | Pi 
|< 
pmoles pmoles 
MN... 26: womiaawe,s ee bawscussisaicn 6.2 4.1|2.2|0 | 2.2 
Dinitrophenol (5 X 10-‘ m)....... 6.2 3.0 | 3.1 | 0 | 2.9 
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MINUTES 
Fig. 3. Effect of preincubation temperature on the ATPase. 
The enzyme was preincubated either at 0° or 30°. At the indicated 
time, aliquots containing 5.2 ug of protein were removed and the 
activity measured at 30° with the ATP regenerating system in the 


presence (X——X) or absence (O——O) of 5 X 10™‘ m dinitro- 
phenol. 


inactivation by the addition of ATP, ADP, Mgtt (or combina- 
tions of these substances), dinitrophenol, p-chloromercuriben- 
zoate, reduced glutathione or ascorbic acid. Ammonium sulfate 
at 1.2 m afforded no protection. However, at 2 m the enzyme 
became insoluble and was now stable at low temperatures. At- 
tempts to reactivate the cold-inactivated enzyme by incubation 
at 30° for varying periods of time in the presence of ATP, Mg**, 
CoA, lipoic acid or reduced glutathione have been unsuccessful. 
Interruption of the process of cold inactivation by placing the 
enzyme at 30° resulted in a protection of the activity still re- 
maining. It has been possible, however, to partially restore 
the activity by precipitating the cold-inactivated enzyme with 
2M ammonium sulfate, dissolving the protein in buffer and pre- 
incubating at 30° for 90 min before assay (Table IV). 

Substrate Specificity—It can be seen from Table V that all of 
the nucleoside triphosphates, with the exception of CTP, are 
split by the purified ATPase at appreciable rates. However, 
in agreement with the results obtained with digitonin particles 
(30), only ATP hydrolysis was stimulated by dinitrophenol. 
Neither the nucleoside monophosphates nor the diphosphates 
were split. Other phosphorylated compounds such as fructose- 
6-P, glucose-6-P, glucose-1-P, ribose-5-P, carbamyl-P, and PP; 
were also found to be inactive as substrates. No separation of 
the ATPase activity from the activity with other triphospho- 
nucleosides has been observed. The unusual cold lability of 
the enzyme was manifested with all of the triphosphonucleo- 
sides, thus providing additional supporting evidence that the 
hydrolysis of all these compounds is catalyzed by the same en- 
zyme. 

In order to exclude that the hydrolysis of the other triphos- 
phonucleosides was proceeding through ATP, possibly by action 
of a nucleoside diphosphokinase (31), the hydrolysis was meas- 
ured in the presence of hexokinase and glucose. If the splitting 
of these compounds occurred through the intermediary forma- 
tion of ATP, the addition of the hexokinase system would be 
expected to produce a competitive inhibition (32). In Experi- 
ment 2 of Table V, the results of such an experiment are re- 
corded. In this experiment, 27 units of hexokinase were used 
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and only a partial inhibition of ATP cleavage was observed. 
This amount was chosen in order to avoid complications due to 
phosphorylation of glucose by ITP in the presence of excess 
hexokinase (33). As may be seen in the table, no inhibition was 
observed with any of the triphosphonucleosides other than ATP. 
In another experiment, not given in the table, with 135 units 
of hexokinase, ATP hydrolysis was completely suppressed (60 
units were required for complete inhibition) whereas the hydroly- 
sis of GTP was unimpaired. These results make it unlikely that 
the hydrolysis of the other nucleoside triphosphates occurs via 
the intermediary formation of ATP. 

Metal Ion Requirement—The data presented in Table VI show 
that divalent ions such as Mnt+, Cot+, Fet++, and Cat+ can 
substitute for Mg**+ with varying degrees of effectiveness in 
activating the enzyme. Only in the presence of Mg**, and to a 
lesser extent Co**, was a stimulation by dinitrophenol apparent. 
In the presence of Mg**, addition of other ions resulted in an 
inhibition of ATPase activity in the presence or absence of 
dinitrophenol. Mn** appears to inhibit preferentially the dini- 


TaBLe IV 
Partial reactivation of cold-inactivated enzyme 


After the procedures indicated, appropriate aliquots of the 
enzymes were assayed at 30° for 10 min in the presence of the ATP 
regenerating system. 

















Pi/mg protein/10 min 
Pretreatment of enzyme 

—DNP +DNP 

pmoles pmoles 
None (assayed immediately)...............] 316 444 

3-Hour incubation at 0° (a)................. 6.3 8.4 
3-Hour incubation at 30° (b)...............] 520 700 

Precipitation of a and 6b with ammonium sul- 
fate followed by: 

Preparation a 5 min at room temperature.| 86 105 
Preparation a 90 min at room temperature.| 200 295 
Preparation b 5 min at room temperature..| 496 600 
Preparation b 90 min at room temperature.| 620 896 





TABLE V 
Substrate specificity 

The incubation was carried out for 10 min in the absence of the 
ATP generating system as described in the text. In Experiment 
1, the incubation mixture contained 0.004 m nucleotides, 0.004 m 
Mg**, 16 wg of enzyme protein and 5 X 10‘ m dinitrophenol, as 
indicated. In Experiment 2, the mixture contained 0.005 m 
nucleotides, 0.003 m Mg**, 24 ug of enzyme protein and 27 units of 
crystalline hexokinase, and 0.05. m glucose, as indicated. The 
reactions in Experiment 2 were initiated by the addition of the 
substrate to the otherwise complete reaction mixture. 


| 











as ay toe a gon 
Substrate 
—DNP +DNP —Hexokinase | +Hexokinase 
umoles pmoles moles pmoles 
ATP 1.6 2.1 2.4 1.1 
ITP 2.0 1.8 3.0 3.0 
GTP 1.2 1.1 1.7 2.0 
UTP 1.0 1.1 1.1 1.4 
CTP 0 0 0 0 
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TaBLe VI 
Effect of metal ions on ATPase activity 


The incubation mixture contained 0.006 m ATP, metal ions as 
indicated, 0.05 m Tris-acetate buffer pH 7.4, and 9 ug of enzyme 
in a total volume of 1.0 ml. Incubations were carried out for 10 






































min at 30°. 
v P; formed 
oe. Metal ion Concentration 
-—DNP | +DNP 
M pmoles | pmoles 
1 None 0 0 
Mg*+ 0.006 1.6 | 2.0 
Cott 0.006 1.5 1.7 
Mn** 0.006 1.2 1.0 
Fet* 0.006 1.2 1.2 
Ca** 0.006 0.9 0.9 
2 Mgt 0.006 1.4 ig 
Mg** 0.012 1.2 1.7 
Mgtt + Cott 0.006 + 0.006 0.9 1.4 
Mgtt + Mntt 0.006 + 0.006 1.0 1.0 
Mgtt + Ca** 0.006 + 0.006 ai 1.6 
rg +iIDP 
1.0 —% s ¥ —2 
a ite + 10P 
J 
ro) 08 
= 
XX ost ATP + ADP 
a ; 
WJ 
= 04 
c 
Oo 
& a2l ITP + ADP 
< NZ 
ie 1 i 5 
0.00 0.002 0003 0004 M 


Fig. 4. Effect of ADP and IDP on ATP and ITP hydrolysis. 
The assay was carried out in the absence of the ATP regenerating 
system. The test system contained either 0.004 m ATP or 0.004 
M ITP, 0.002 m MgClo, 24 ug of Step 3 enzyme, and the indicated 
diphosphonucleoside in a final volume of 1.0 ml. After incuba- 
tion for 3 min at 30°, the reaction was stopped with 0.1 ml of 50% 
trichloroacetic acid. After centrifugation, 0.5 ml of the super- 
natant solution were removed for P; determination (scaled down 
to 2.5 ml final volume). 


trophenol activity. These results are similar to the observa- 
tions of Cooper and Lehninger (30) and Bronk and Kielley (34) 
on the ATPase activity of fragmented liver mitochondria. The 
activation by Ca**, not observed with the liver particles, con- 
forms with the observation that the ATPase of heart and skele- 
tal muscle mitochondria is Ca**+- as well as Mg*+-activated (35). 

Maximal activity of the enzyme was observed at molar ratios 
of ATP to Mg*+ of 1.5, although only minor inhibition occurred 
at ratios as high as 3.0. An excess of Mg++ over ATP caused a 
slight inhibition in the presence, but not in the absence, of dini- 
trophenol (Table VI, Experiment 2). These observations on 
the relation between activity and the ratio of ATP to Mgt+ were 
found to apply over a wide range of ATP concentrations (2 x 
10-* to 5 X 10-* om). 

Effect of Hydrolysis Products—The ATPase as well as the 
ITPase activity of the enzyme was found to be markedly in- 
hibited by ADP, but not by IDP as is shown in Fig. 4. No 
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inhibition of the ATPase activity was observed with other di- 
phosphonucleosides (GDP, CDP, UDP) or with monophospho- 
nucleosides (AMP, IMP, GMP, UMP, CMP). Similar results 
have been reported for the Mg*t+-stimulated particulate ATPase 
of Kielley and Kielley (25) and the ATPase of the digitonin 
particles (30). 

The effect of P; on the activity of the enzyme was determined 
spectrophotometrically as described in “Experimental.” Con- 
centrations up to 0.04 m phosphate were found to have no effect. 

Effect of Inhibitors—The effect of various compounds on the 
ATPase activity is summarized in Table VII. In all of these 
experiments the agent was added directly to the assay system, 
without preincubation with the enzyme. The most striking 
effects were exhibited by azide, guanidine, and p-chloromercuri- 
benzoate. Azide and guanidine inhibited the activity to a 
greater extent in the absence than in the presence of dinitro- 
phenol, with the result that the stimulation by dinitrophenol 
was increased from 50% to 300 or 400%. The opposite effect 
was observed with p-chloromercuribenzoate, which eliminated 
the stimulation by dinitrophenol. It should be mentioned that 
in the absence of dinitrophenol, some enzyme preparations were 
actually stimulated by p-chloromercuribenzoate. 

Other sulfhydryl reagents had little or no effect on ATPase 
activity either with or without dinitrophenol. It is possible, 
however, that preincubation of the enzyme with N-ethylmalei- 


TaBLe VII 
Effect of various compounds on ATPase activity 


The incubations were carried out for 10 min in the presence of 
the ATP regenerating system as described in the text. 





























e P; formed 
E } , 
% Compound Concentration DNP 
& —pnP|+pnp |+PS° 
M pmoles | wmoles | umoles 
1| None | 1.60 | 2.40 | 1.50 
p-Chloromercuribenzo- 5 X 10-4 | 1.60 | 1.70 | 1.06 
ate 
N-Ethylmaleimide 5 X 107? | 1.60 | 2.50 | 1.55 
Iodoacetic acid | 5X 10-* | 1.70 | 2.20 | 1.30 
Iodoacetamide 5 X 10-8 | 1.60 | 2.40 | 1.50 
Iodosobenzoate | 5X 10-3 | 1.60 | 2.40 | 1.50 
2 | None 2.90 | 4.50 | 1.53 
Azide | 4X 10-5 | 0.50 | 2.20 | 4.40 
3 | None 1.90 | 2.90 | 1.50 
Guanidine | 2X 10? | 0.42 | 1.30 | 3.10 
4 | None | 2.30 | 3.40 | 1.48 
KF | 2X 10°? | 1.90 | 2.30 | 1.21 
KCl | 2X 10-? | 2.50 | 3.80 | 1.52 
5 | None 1.80 
n-Butyl-3,5-diiodo-4-hy- | 1X 10~¢ | 0.50 
droxybenzoate 
Benzyloxy-3 , 5-diiodo- | 3X 10 | 0.50 
benzoic acid 
6 | None | 1.60 | 2.30 | 1.44 
Amytal 5 X 10-* | 1.50 | 2.20 | 1.47 
7*| None | 1.44 | 1.81 | 1.26 
Bilirubin | 3.2 X 10-* | 0.74 | 0.80 | 1.08 
Biliverdin 3.2 X 10-¢ | 1.20 | 1.38 | 1.15 





* This experiment was carried out at pH 8.5 because of the 
insolubility of the bilirubin and biliverdin at pH 7.5, thus ac- 
counting for the decreased stimulation by dinitrophenol. 
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mide, which is known to react slowly with sulfhydryl groups in 
some proteins (36), would have revealed effects similar to those 
observed with p-chloromercuribenzoate. The small inhibition 
in the presence of 0.02 m fluoride was not further increased at 
0.06 m. The thyroxin analogues, n-butyl-3 , 5-diiodo-4-hydroxy- 
benzoate and benzyloxy-3,5-diiodobenzoate, which have been 
shown to be potent uncouplers of oxidative phosphorylation 
(37, 38), markedly inhibited ATPase, the butyl] ester being 
somewhat more effective. Amytal at relatively high concen- 
trations had no effect on the enzyme. It is interesting that 
bilirubin, an uncoupler of oxidative phosphorylation (39), 
strongly inhibited the enzyme, whereas biliverdin, which is in- 
effective as an uncoupler (39), was similarly ineffective as an 
inhibitor of the ATPase. Moreover, the small inhibition with 
biliverdin could be at least partly explained by a small contami- 
nation with bilirubin. A detailed comparative study of the 
effect of uncouplers on ATPase and on oxidative phosphoryla- 
tion in the reconstructed system is presented in the accompany- 
ing paper (12). 

Effect of pH—The effect of pH on the activity of the enzyme 
is illustrated in Fig. 5a. The activity measured in the absence 
of dinitrophenol gradually increased from pH 5.0 to a maximal 
activity between pH 8.5 and 9.3. Beyond pH 9.3, a sharp drop 
in activity occurred. In the presence of dinitrophenol a similar 
pattern was observed but the peak was shifted 0.5 pH unit to the 
more acid side. At pH 10, dinitrophenol was found to inhibit. 
As seen in Fig. 5b, the per cent stimulation due to dinitrophenol 
was maximal between pH 6.5 and 7.0. Essentially the same 
results were obtained in the absence of the ATP regenerating 
system. The results obtained in the presence of Mg** alone 
(Fig. 5a) were similar to those obtained by Kielley and Kielley 
(25) and Cooper and Lehninger (30) with the Mg*+-activated 
enzyme of fragmented liver mitochondria. The results shown 
in Fig. 56 are similar to those obtained with the digitonin par- 
ticles in the presence of dinitrophenol alone (30). 

Lack of P*-ATP and C4-ADP-ATP Exchange—Wadkins and 
Lehninger (40) have isolated from digitonin particles an enzyme 
which catalyzes an exchange of labeled ADP into ATP. These 
authors propose that the enzyme which catalyzes this exchange 
is involved in the terminal phosphate transfer reaction of oxida- 
tive phosphorylation (40). Chiga and Plaut (41) have described 
an enzyme isolated from mitochondria which also catalyzes this 
reaction and, in addition, catalyzes a P;*-ATP exchange. Nei- 
ther of these enzyme preparations hydrolyzes ATP. The en- 
zyme described here splits ATP and is required for oxidative 
phosphorylation as well as for the P®-ATP exchange in submito- 
chondrial fragments of beef heart mitochondria (12), but does 
does not by itself catalyze either a P;#-ATP or C4-ADP-ATP 
exchange. 


DISCUSSION 


Comparison of Soluble and Particulate AT Pase—The solubili- 
zation and purification of ATPase from beef heart mitochondria 
described in this paper has permitted a characterization of the 
enzyme free of the complexities associated with crude and par- 
ticulate preparations. Studies with the latter preparations have 
led, for example, to the suggestion that liver mitochondria con- 
tain a Mg*+-activated ATPase which is distinct from a dinitro- 
phenol-activated ATPase (24, 30). The dinitrophenol-activated 
enzyme was considered to be associated with the terminal trans- 
phosphorylation reaction of oxidative phosphorylation, whereas 
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Fia. 5a (left). Effect of pH on ATPase with (X——X) and with- 
out (O——O) dinitrophenol; b (right), effect of pH on stimulation 
of ATPase by dinitrophenol. The experiment was carried out in 
the presence of the ATP regenerating system. Tris-acetate and 
Tris-ammonia buffers at the different pH values were prepared 
according to Meyers and Slater (24) and used at a final concentra- 
tion of 0.05 m. The reaction mixtures, without dinitrophenol, 
were run in duplicate. One series was fixed with 0.1 ml of 50% 
trichloroacetic acid and the other by immersion in a dry ice-ace- 
tone bath. The latter was used to determine the pH at the end 
of the reaction. The reaction was carried out for 54 min with 4 
ug of purified enzyme. The whole reaction mixture was used for 
P; determination. 


the Mg**-activated enzyme was considered to have no direct 
function in this reaction (30). As is shown in the accompanying 
paper (12), it has been possible to demonstrate a complete de- 
pendence of the phosphorylation process on the presence of the 
magnesium-activated ATPase. Moreover, over 100-fold purifi- 
cation of the enzyme has not revealed any change in the ratio 
of ATPase activity with and without dinitrophenol. In addi- 
tion, the various procedures described in this and the accom- 
panying paper which led to activation or inactivation of the 
enzyme failed to resolve the two activities. These results favor 
the conclusion that, at least with respect to beef heart mito- 
chondria, the Mgt+ as well as the Mgt+ plus dinitrophenol- 
activated hydrolysis of ATP is catalyzed by the same protein. 
The evidence in the literature in favor of the existence of two 
distinct enzymes is based mainly on differences in the nucleotide 
specificity and pH optima as well as on preferential inactivation 
of the dinitrophenol-stimulated activity (30, 42). Since the 
highly purified preparation of ATPase exhibits the properties 
attributed to two separate enzymes, it would seem that these 
are not sufficient criteria upon which to decide the existence of 
separate enzymes. Although highly purified preparations of 
soluble ATPase have thus far only been obtained from beef 
heart mitochondria, similar doubts regarding the necessity for 
invoking the existence of two separate ATPases in liver mito- 
chondria have been expressed by Cooper (42) and Siekevitz et al. 
(43). 

A number of investigators have reported on changes in the 
properties of mitochondrial ATPase depending on the treatment 
of the mitochondria (26-29, 43, 44). What appears to emerge 
from these studies is that the enzyme which catalyzes the hy- 
drolysis of ATP is undergoing changes in its catalytic properties 
in the course of aging or purification. Further indications for 
this alteration in catalytic properties can be seen in the pro- 
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nounced increase in total activity during purification. These 
changes in catalytic properties may represent an alteration of a 
site on the enzyme which was originally involved in a reversible 
transfer of phosphate from a high energy phosphate precursor 
to ADP. A similar concept has been advanced by Lardy and 
Elvehjem (45), Hunter (27) and Lardy and Wellman (29) to 
explain the development of the latent ATPase of liver mito- 
chondria. 

Cold Lability of Enzyme—The rapid rate of ATPase inactiva- 
tion at ice bath temperatures represents a unique property for 
an enzyme. Decreased solubility of the purified ATPase after 
exposure at —70° was also observed. Oncley et al. (46) and 
others (47) have demonstrated that in contrast to other serum 
proteins, serum lipoproteins cannot be frozen without denatura- 
tion and loss of characteristic solubility properties. Bornstein 
(48) has reported that a serum lipoprotein which is responsible 
for an insulin-reversible inhibition of glucose uptake by rat 
diaphragm is also labile at about 4°. In view of these findings, 
the possible lipoprotein nature of the ATPase should be con- 
sidered. 

Comparison of Purified Mitochondrial ATPase with Myosin 
ATPase—The observation by Webster (cf. 49), later confirmed 
and extended by others (49-51), that dinitrophenol in rather 
high concentrations increased the ATPase activity of myosin, 
suggested certain basic similarities between myosin and mito- 
chondrial ATPase. Since then, additional observations describ- 
ing the effect of various agents such as pentachlorophenol (52) 
and p-chloromercuribenzoate (36) on these enzymes have em- 
phasized the similarity between them. The observations re- 
ported here demonstrate that the purified mitochondrial ATPase 
exhibits comparable properties. The similarities between myo- 
sin and the coupling factor become particularly significant in 
view of the recent observations which suggest that a structural 
protein, bearing a close functional relationship to oxidative 
phosphorylation, is involved in the mechanism of swelling and 
contraction of mitochondria (53-55). 

Weinbach and Bowen (52) have shown that pentachlorophenol 
at low concentrations (5 X 10-5 mM) stimulated the activity of 
myosin ATPase but inhibited at higher concentrations. A 
similar response to pentachlorophenol has been observed with 
the particulate mitochondrial ATPase (56), as well as with the 
purified enzyme described here (12). Low concentrations of 
p-chloromercuribenzoate stimulated myosin ATPase with Ca++ 
as the activator, but inhibited with EDTA (26) or dinitrophenol 
(57) as activator. The observations reported here also show 
that p-chloromercuribenzoate inhibits only the dinitrophenol- 
stimulated activity of the enzyme (Table VII). The similarities 
between these two enzymes also extend to their substrate 
specificity. For example, both enzymes attack ITP, GTP, and 
UTP as well as ATP, although at different relative rates (cf. 
Table V and (58)). 

In the light of the above mentioned similarities, it is therefore 
tempting to consider the possibility that mitochondrial ATPase, 
in addition to its role as phosphate transfer agent, has a function 
as a structural protein analogous to that of myosin. It may be 
pertinent to mention in this connection that it was noticed that 
submitochondrial fragments, which required purified ATPase 
for coupling phosphate esterification to electron transport, ag- 
gregate in the presence of Mg++. Addition of the purified ATP- 
ase prevented this aggregation. Packer and Tappel (55) ob- 
served a similar phenomenon with digitonin particles, and 
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suggested an intimate relation of this phenomenon to oxida- 
tive phosphorylation as well as to mitochondrial structure. A 
soluble protein which leaks out of mitochondria and is required 
for the contraction of swollen mitochondria has been described 
recently in a preliminary communication by Lehninger and 
Gotterer (54). The possible relationship between this factor 
and soluble ATPase on the one hand and oxidative phosphoryla- 
tion on the other, still remains to be elucidated. 


SUMMARY 


1. The purification of a soluble ATPase from beef heart mito- 
chondria is described. The activity is dependent on Mg++ and 
is stimulated by 2,4-dinitrophenol. The enzyme cleaves the 
terminal phosphate of ATP and is inhibited by ADP. The 
activity is therefore assayed in the presence of an ATP regener- 
ating system. 

2. The enzyme is cold labile. Although stable at room tem- 
perature, the enzyme rapidly loses activity at 4°. ATP, which 
protects the enzyme against inactivation by heat and dialysis, 
does not prevent the cold inactivation. 

3. Attempts to demonstrate an exchange between either P;*® 
or C'-ADP and ATP in the presence of the enzyme were unsuc- 
cessful. 


4. The properties of the purified enzyme are discussed in 
relation to particulate mitochondrial ATPase and to myosin 
ATPase. 
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The early observations of Hunter (1), Kielley and Kielley (2), 
and Lardy and Wellman (3), as well as subsequent work by 
other investigators, have led to the concept that the ATPase 
activity of mitochondria was functionally related to the enzy- 
matic mechanism by which phosphorylation of ADP is coupled 
to electron transport (4-6). The results presented in this paper 
provide direct evidence for this concept by the demonstration 
of the requirement of an ATPase in oxidative phosphorylation. 

Preliminary communications from this laboratory reported 
the partial resolution of mechanically fragmented beef heart 
mitochondria into a particulate and a soluble protein component, 
both of which were required for oxidative phosphorylation (7, 
8). The soluble factor was required for coupling phosphate 
esterification to respiration catalyzed by the particulate fraction. 
The soluble factor also catalyzed a dinitrophenol-stimulated 
hydrolysis of ATP. The purification and properties of the ATP- 
ase have been described in an accompanying paper (9). It is 
the purpose of this paper to describe the preparation of the 
partially resolved system and to provide evidence which supports 
the concept that the coupling and ATPase activities of the solu- 
ble factor are catalyzed by the same protein. 


EXPERIMENTAL PROCEDURE 


Materials—“‘Superbrite”’ glass beads (No. 5005-090) of 0.28 
mm diameter were purchased from the Minnesota Mining and 
Manufacturing Company, Ridgefield, New Jersey. The Nossal 
shaker (10) was purchased from the machine shop at Western 
Reserve University. Mephyton, an emulsion of vitamin Ky, 
and the water soluble diphosphate derivative of vitamin K,, 
2-methyl-3-phytyl-1,4-naphthohydroquinone- 1 , 4-diphosphate 
(11), were kindly furnished by Dr. T. Devlin; and coenzyme Q, 
by Dr. K. Folkers. Triiodo-t-thyronine, a product of Glaxo 
Laboratories, Ltd., was a gift from Dr. J. Gross. The anti- 
coagulants, Warfarin and Sintrom, were generously supplied 
by Dr. W. Wosilait; and Chlorpromazine, by Dr. P. Mattis. 
pu-Glyceraldehyde-3-P was generously supplied by the Schwarz 
Laboratories and Atabrine was kindly furnished by the Win- 


* This work was supported by Grants Nos. A-1219 and C-3463 
from the National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland. 

¢ Predoctorate Fellow, National Cancer Institute, National 
Institutes of Health, Bethesda, Maryland. Taken in part from 
a doctoral dissertation submitted to the Faculty of New York 
University. 


throp Laboratories, New York. Glutamic dehydrogenase, glyc- 
eraldehyde-3-P dehydrogenase, and lactic dehydrogenase were 
purchased from Boehringer and Soehne, Mannheim, Germany. 
Sources of other materials were the same as described previously 
(9). Hexokinase was prepared according to the method of 
Darrow and Colowick (12) and purified through the first am- 
monium sulfate precipitation step. The enzyme was assayed 
as previously described (9) and contained between 25 and 40 
units per mg. 

ATPase Assay—The general experimental procedures and 
methods for the purification and assay of the ATPase have 
been described (9). 

Assay of Coupling Factor—A medium sufficient for 80 experi- 
ments was prepared containing in a final volume of 8 ml: 160 
pmoles of MgCl, 80 umoles of ATP, pH 7.4, 1280 umoles of 
glucose, 200 umoles of Tris, pH 7.4, 480 wmoles of potassium 
phosphate buffer, pH 7.4, 40 umoles of EDTA; pH 7.4, 4.8 mg 
of yeast hexokinase, and 550 umoles of sucrose. 

The particulate fraction (1.5 mg) was preincubated for 10 
min at 30° with 0.3 to 0.9 mg of the crude extract, or 0.030 to 
0.060 mg of the purified coupling factor (ATPase) (9) and 0.04 
ml of 0.1 m MgCle. The mixture was adjusted to a final volume 
of 0.3 ml with 0.25 m sucrose-0.01 m Tris, pH 7.4. 

To the main compartment of chilled, 5-ml Warburg vessels 
were added 0.1 ml of the medium, 25 wmoles of sodium succi- 
nate, 0.1 ml of the preincubated enzyme mixture, and water to 
give a final volume of 0.5 ml. The side arm of the vessel con- 
tained 0.05 ml of 50% trichloroacetic acid. The enzyme mix- 
ture was added last. The vessels were immediately placed in 
the Warburg bath and equilibrated at 30° for 6 min and oxygen 
uptake was measured for the next 18 to 30 min. The oxygen 
uptake during the 6-min equilibration period was calculated by 
extrapolation and added to the measured value. The reaction 
was stopped by tipping in trichloroacetic acid from the side 
arm. After centrifugation of the precipitated protein, 0.1-ml 
aliquots of the supernatant solution were removed for P; deter- 
mination (13). 

Assay of P;**-ATP Exchange—A medium was prepared con- 
taining in a final volume of 6 ml: 800 umoles of potassium phos- 
phate, pH 7.4, 24 umoles of EDTA, pH 7.4, 200 umoles of Tris, 
pH 7.4, 320 umoles of ATP, pH 7.4, and 320 umoles of MgCle. 


1 The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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The particulate fraction and coupling factor were preincubated 
with Mg** as described for the oxidative phosphorylation assay. 

To each tube were added 0.15 ml of the medium, 0.025 ml of 
P;® containing 2.42 x 105 c.p.m., and water to give a final 
volume of 0.5 ml (including enzyme). After a 5-min equilibra- 
tion at 30°, an aliquot of the preincubated enzyme mixture was 
added and the reaction allowed to proceed for 10 min. The 
reaction was stopped with 0.05 ml of 50% trichloroacetic acid. 
Esterified P® was determined according to the method of Rose 
and Ochoa (14). Since under the experimental conditions about 
half of the ATP was cleaved (cf. Table III), it was necessary to 
express the P® incorporation rate in terms of specific radioac- 
tivity of ATP® rather than in terms of umoles of P;* esterified. 
The ATPase measurements in these experiments were made in 
separate tubes under conditions otherwise identical with those 
of the exchange experiment, except that the P; was unlabeled 
and the added ATP was labeled in the terminal phosphate with 
p® (2.4 X 10% c.p.m. per umole of ATP). At the end of the 
reaction, trichloroacetic acid was added and an aliquot of the 
deproteinized supernatant solution was extracted exactly as de- 
scribed for the exchange assay (14). To determine the umoles 
of ATP hydrolyzed, the difference between the initial and final 
radioactivity of the aqueous phase (Pj) was divided by the spe- 
cific radioactivity of the ATP. Under these conditions, the 
rate of the Pj-ATP® exchange was 10% or less of the cleavage 
of ATP (cf. Table III). ATPase activity determined in this 
manner was, therefore, not significantly different from the values 
obtained by the usual colorimetric procedure. 

Preparation of ATP*®—ATP labeled in the terminal phosphate 
was synthesized from ADP and P;® by coupling the glyceralde- 
hyde-3+P dehydrogenase reaction with the reaction catalyzed 
by phosphoglycerate kinase.2 The reaction mixture contained, 
in a final volume of 2 ml: 5 umoles of pi-glyceraldehyde-3-P, 
0.8 umole of DPN, 0.6 umole of P;® containing 48 x 10’ ¢.p.m. 
6 umoles of ADP, pH 7.4, 10 umoles of MgCls, 100 umoles of 
Tris, pH 8.1, 8 umoles of potassium pyruvate,’ 10 wg of phos- 
phoglycerate kinase, 200 ug of glyceraldehyde-3-P dehydrogen- 
ase, and 10 yg of lactic dehydrogenase. The reaction was al- 
lowed to proceed at room temperature for 20 min. The reaction 
was stopped with 0.4 ml of 10% metaphosphoric acid and then 
neutralized with potassium hydroxide. To the neutralized reac- 
tion mixture, 3 wmoles of carrier ATP were added. Isolation 
of the labeled ATP was carried out by the method of Cohn and 
Carter (16). 

Definition of Unit and Specific Activity—A unit of coupling 
activity is defined as the amount of protein required to stimu- 
late the P:O ratio to one-half of the maximal ratio. In the 
P;*-ATP exchange reaction, a unit is defined as the amount of 
protein required to increase the final specific activity of the ATP 
(c.p.m. per umole) to one-half the maximal value. In each 
case, specific activity is expressed as units per mg of protein. 

Preparation of Particulate and Soluble Fractions—“Heavy 
layer” mitochondria, 300 mg, prepared according to the method 
of Green et al. (17) were suspended in 0.25 m sucrose containing 
0.002 m EDTA, pH 7.4, to give a final volume of 9.5 ml. The 
mitochondrial suspension was placed in a chilled Nossal tube 


2 This method was developed in this laboratory by Dr. Helen 
Revel. 

3 The addition of pyruvate and lactic dehydrogenase was nec- 
essary to prevent the decline in the rate of oxidation of glyceral- 
dehyde-3-P (15). 
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(10) followed by the slow addition of 7.5 cc of glass beads which 
had been prechilled at 4° for at least 5 min. The slow addition 
of the glass beads to the mitochondria followed by gentle mixing 
was important in order to remove as much of the trapped air 
as possible and thus avoid bumping and loss of material during 
the subsequent evacuation procedure. A thin layer of vacuum 
grease was applied to the rim of the Nossal tube and the entire 
tube together with its cap resting slightly askew was placed in a 
Plexiglas cylinder (with a side arm for evacuation) somewhat 
larger than the Nossal tube and closed off by rubber stoppers 
at both ends. The assembly was evacuated for 3 to 4 min on a 
vacuum pump. Before releasing the vacuum, the cap was 
worked into position and pressed onto the Nossal tube via a 
probe fitted into one of the rubber stoppers. 

The evacuated Nossal tube was removed and placed in a Nos- 
sal shaker. The shaking was carried out at 4° for 10 sec. The 
tube was removed and cooled in ice for 1 min. This process was 
repeated six times so that the total shaking time was 1 min. 
The suspension was centrifuged for 2 min at 1,800 x g and the 
supernatant fluid, which was decanted from the glass beads, was 
centrifuged at 26,000 x g in the number 40 rotor of the Spinco 
model L centrifuge for 20 min. The firmly packed, brown resi- 
due was discarded and the yellow turbid supernatant solution 
was decanted and recentrifuged at 105,000 x g for 30 min. A 
red-brown, translucent, gelatinous residue (particulate fraction) 
and a faintly turbid, yellow supernatant solution were obtained. 
The supernatant solution was decanted and clarified by centri- 
fugation for an additional 30 min at 105,000 x g yielding a 
crude extract of the coupling factor. The particulate fraction 
was washed by homogenization in 5 ml of 0.25 m sucrose-0.002 
M EDTA and centrifuged at 105,000 x g for 30 min. The 
washing was repeated with 0.25 m sucrose as above and the resi- 
due was suspended in 0.25 m sucrose to give a final volume of 
approximately 2.5 ml. 

The yield of the particulate and the soluble fractions obtained 
under these conditions was usually 40 and 28 mg of protein, 
respectively. 


RESULTS 


Effect of Soluble Fraction on Phosphorylation during Oxidation 
of Succinate—During the early phases of this work, beef heart 
mitochondria were disrupted in the manner described, but in the 
absence of EDTA. Under these conditions, different prepara- 
tions of the particulate fraction exhibited residual and variable 
phosphorylation activity. Nevertheless, the addition of the 
supernatant fraction always resulted in a marked increase in the 
P:O ratio (7). Disruption of the mitochondria in the presence 
of EDTA resulted in preparations of the particulate fraction in 
which phosphorylation was usually either low or absent and in 
which phosphorylation could be restored by preincubation in the 
presence of Mg*+ and the soluble fraction. The addition of 
EDTA was based on a report by Linnane (18) in which the sepa- 
ration of a soluble component required for oxidative phosphoryla- 
tion by a submitochondrial particle obtained by sonic oscillation 
was described. Evidence was presented which suggested that 
Mg** was essential for the binding of the soluble component to 
the particles and that EDTA facilitated the separation. 

The effect of the highly purified ATPase is illustrated in Table 
I. The increase in phosphorylation was proportional to the 
concentration of the factor. The soluble factor alone catalyzed 
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TaBLe I 
Effect of coupling factor on oxidative phosphorylation 
Each Warburg vessel contained 0.1 ml of medium described under 
‘‘Experimental,’’ 0.05 m succinate pH 7.4, 0.666 mg of the particu- 
late fraction, and the indicated amounts of the purified coupling 
factor in a final volume of 0.5 ml. The soluble and particulate 
fractions were preincubated with Mg** as described under ‘‘Ex- 








perimental.’’ Where added, 2,4-dinitrophenol (DNP) was 5 X 
10m. Incubations were carried out for 30 min. 
Soluble factor | Oz uptake P; uptake P:0 
| 
us patoms patoms 
0 4.5 1.0 0.22 
4.8 4.4 1.6 0.36 
73 4.4 1.8 0.41 
9.6 | 4.7 2.4 0.57 
14.4 4.9 2.9 0.59 
19.2 4.5 2.9 0.65 
38.4 | 4.9 3.7 0.71 
80.0 |. ae 3.5 0.83 
38.4 + DNP | 4.9 0.0 0.00 











neither respiration nor phosphorylation and did not affect the 
respiration of the particulate fraction. Dinitrophenol had no 
effect on respiration but completely uncoupled phosphorylation. 
The P:O ratio for succinate oxidation usually observed with the 
fully reconstituted system was 0.5 to 0.7, whereas the ratio in 
the absence of the soluble factor was usually less than 0.1. The 
particulate fraction prepared in the presence of EDTA lost es- 
sentially all of its residual phosphorylation activity after storage 
at —20° for 24 to 48 hours, but retained its ability to respond 
maximally to the soluble factor. 

Effect of Purified Coupling Factor on Phosphorylation Asso- 
ciated with Oxidation of Various Substrates—In Table II it may be 
seen that succinate, isocitrate, and $-hydroxybutyrate were 
oxidized by the submitochondrial particles without a concomi- 
tant uptake of P;. The addition of the purified factor, however, 
resulted in the esterification of P; and a P:O ratio of about 0.45. 
Isocitrate was the only pyridine nucleotide-linked substrate 
which was oxidized without added DPN. Addition of DPN, in 
fact, inhibited respiration. In contrast, addition of TPN stim- 
ulated respiration markedly, but the increased respiration was 
not accompanied by phosphorylation. Glutamate was not oxi- 
dized by the particulate fraction unless the system was supple- 
mented with DPN and glutamate dehydrogenase. Under these 
conditions, glutamate was oxidized without resulting in the up- 
take of Pj, unless coupling factor was also present. Although it 
is apparent from these experiments that various pyridine nucleo- 
tide-linked oxidations catalyzed by the submitochondrial parti- 
cles can be coupled to phosphorylation by addition of the soluble 
ATPase, substrate amounts of DPNH, although rapidly oxi- 
dized, have thus far consistently failed to result in uptake of P;. 
Similarly, all attempts to obtain phosphorylation linked to the 
oxidation of reduced cytochrome c (generated by ascorbate) 
have been unsuccessful. It should be mentioned, however, that 
the addition of dialyzed cytochrome c and ascorbate was found 
to uncouple the phosphorylation observed with succinate. Other 
substrates such as proline, malate, a-glycerophosphate, and a- 
ketoglutarate were not oxidized by the particulate fraction, 
either in the absence or presence of DPN and/or the soluble 
fraction. 
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Effect of Coupling Factor on P®-ATP Exchange Reaction~— 
Intact mitochondria as well as phosphorylating submitochon- 
drial fragments have been shown to catalyze a P;®-ATP ex- 
change reaction in the apparent absence of electron transport 
(19-22). This reaction has been shown to have a number of 
properties in common with oxidative phosphorylation and is 
considered to represent a reversal of the mechanism of oxidative 
phosphorylation (19, 23). As shown in Table III, neither the 
particulate nor the soluble fraction when tested alone catalyzed 
an appreciable P;*-ATP exchange or phosphate esterification. 
However, the addition of increasing amounts of the purified 
coupling factor to the particulate fraction resulted in parallel 
increases in both of these activities. It should be noted that 
under these conditions (in the absence of the ATP regenerating 
system) the ATPase activity which is present in both the soluble 
and the particulate fraction is neither additive nor linear with 
time (cf. (9)). The results of the exchange reaction were, there- 
fore, expressed in terms of the specific radioactivity of the ATP 
remaining at the end of the reaction, rather than as umoles of 
P; incorporated into ATP. A partially purified preparation of 
the mitochondrial enzyme described by Plaut (24) which cata- 
lyzed a P;*-ATP exchange, did not replace the purified coupling 
factor in the restoration of oxidative phosphorylation in the 
particulate fraction. 

Comparison of ATPase, Coupling, and P;*-ATP Exchange Ac- 
tivity in the Course of Purification—Since the most highly purified 
preparations of ATPase induced both phosphorylation and P;®- 
ATP exchange in the presence of the particles, the question arose 
whether these activities were indeed located in the same protein. 


TaBLeE II 


Effect of coupling factor on phosphorylation associated with 
oxidation of various substrates 

Each vessel contained 0.1 ml of the mixed medium described in 
the text, 0.05 m of the appropriate substrate, and the preincubated 
enzyme mixture which contained the indicated amounts of each 
enzyme fraction, in a final volume of 0.6ml. Other factors added 
were 0.002 m DPN and 0.680 mg of crystalline glutamic dehydro- 
genase (GDH) previously dialyzed for 2 hours versus 0.01 m Tris, 




















pH 7.4. Incubations were carried out at 30° for 30 to 48 min. 
é | | Bel 
s Sub | 31251 other additi 2 up-|P; up-| p.g 
Py ubstrate 33 By ther additions take take 
a | la |o. 
| Ze | oe 
| | mg | mg 83 33 
a a 
1 | Succinate \0.72/0.000 0.250|0.000/0.00 
(0 000.014 0.000/0.000/0.00 
p 72'0.014 0.290|0. 12010. 41 
pu-Isocitrate |1.43/0.000 0.14 |0.000/0.00 
|1.43/0.028 0.14 |0.052/0.38 
| 
pL-§-Hydroxy- |1.43|0.000} DPN 0.054/0.003/0.05 
butyrate 1-4990.028 DPN 0.041/0.02010.49 
| | | 
2 | Succinate \0.72/0.000| 0.310/0.023/0.07 
0.72/0.017| 0.27010. 116)0.43 
t-Glutamate |1.44(0.000} DPN + GDH _ |0.040/0.003)0.07 
1.440.034) DPN + GDH /0.050/0.023/0.46 
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TaBLeE III 
Effect of coupling factor on oxidative phosphorylation 
and P;*-ATP exchange reaction 

The particulate fraction was preincubated with the coupling 
factor and Mg** as described under ‘‘Experimental.”? Aliquots 
of the preincubation mixture containing 0.580 mg of the particu- 
late fraction and the indicated amount of the coupling factor 
were added to the Warburg vessel for the assay of oxidative phos- 
phorylation, or to test tubes for the measurement of ATPase or 
the P;3?-ATP exchange reaction. Oxidative phosphorylation was 
measured at 30° for 30 min with succinate as substrate as de- 
scribed under ‘‘Experimental.’’ The P;*?-ATP exchange reaction 
was measured as described. Each tube contained 0.016 m ATP, 
0.016 m MgCls, 0.01 m Tris, pH 7.4, 0.04 m P;*? (1.2 X 104c¢.p.m. per 
pmole), 0.001 m EDTA, pH 7.4, and the preincubated enzyme mix- 
ture in a final volume of 0.5 ml. ATPase was measured in sep- 
arate tubes under exactly the same conditions as the P ;*?-ATP 
exchange reaction except that ATP labeled in the terminal phos- 
phate with P;*? (2.4 X 10 c.p.m. per umole of ATP) was used 
instead of P;**. When added, dinitrophenol was 5 X 10~‘ m. 

















Coupling factor Osup- | Fiup- | P:O | ATPase | P\#-ATP 
pmoles 
ug patoms | umoles 4en - ped 
peared ATP 
0 6.3 | 0.1 | 0.02 | 3.6 | 90 
5 6.2 0.1 0.02 3.7 190 
10 5.5 1.0 0.18 3.7 440 
20 5.5 1.5 0.27 3.4 740 
40 5.5 2.0 0.36 3.9 1030 
20 + DNP 5.5 0.1 0.02 4.3 50 
20* 3.4 | 0 











* Particulate fraction omitted. 


TaBLe IV 
Purification of coupling, ATPase, and P;*#*-ATP exchange activity 
The various fractions were prepared as previously described 
(9). Activity measurements were carried out as described under 
“Experimental”? and in Table III. Where added, dinitrophenol 
was 5 X 10-4 M. 














Specific activity, units per mg 
of protein 
Steps 
Coup- aisha’ p22. 
i. 7, | Ae 
—DNP | +DNP 
1. Crude extant. <<. s-00\0s0sievs yen 3.1} 0.25] 0.38! 1.7 
3. Protamine fractionation......... 36.0 | 11.1 | 16.6 | 36 
4. Temperature fractionation....... 91.0 | 39.8 | 67.0 | 71 














One of the first approaches to questions of this kind was an 
investigation of activity ratios in the course of purification. A 
glance at Table IV reveals that although there was some paral- 
lelism between the purification of the stimulation of the exchange 
reaction and oxidative phosphorylation, the ATPase activity was 
“purified” to a much greater extent than either of the two other 
activities. This apparent partial separation of the two activ- 
ities could not, however, be interpreted in terms of a physical 
separation in view of the pronounced changes in total ATPase 
activity observed in the course of purification (9). The absolute 
increase in ATPase activity following purification suggested 
either the presence of an inhibitor in the crude extract or an 
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alteration of the protein which increased the reactivity of the 
active site with water. In any case, the above findings of vari- 
able activity ratios made it necessary to accumulate further 
circumstantial evidence in favor of the concept that the coupling 
and the ATPase activities resided in the same protein. 

Cold Lability of Coupling Factor—It was shown in the preced- 
ing paper that the capacity to hydrolyze ATP was rapidly lost 
when a solution of the purified protein was incubated at 0°. 
This rather unusual lability, which has not been previously re- 
corded for an enzyme, was also displayed by the coupling activ- 
ity. As may be seen in Fig. 1, the rapid rate of inactivation of 
these two activities at 0° were strikingly parallel, whereas at 30° 
both activities were retained. Those preparations which showed 
an increase of ATPase activity after incubation at 30° for several 
hours (9) exhibited a similar increase in the coupling activity. 

Effect of Dialysis, Heat and Ultraviolet Irradiation—Other 
physical procedures were explored in attempts to effect a separa- 
tion of the ATPase and coupling activities. Dialysis at room 
temperature (Table V) and exposure to elevated temperatures 
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PREINCUBATION TIME (HOURS) 

Fig. 1. Effect of preincubation temperature on ATPase and 
coupling activity. The enzyme at Step 3 was preincubated either 
at 0° or 30°. At the indicated time, aliquots were removed and 
the appropriate activity measured at 30°. Assays for coupling 
activity (P:O) were carried out as described under ‘‘Ex- 
perimental,” with 0.73 mg of the particulate fraction and 80 ug 
of the coupling factor per Warburg vessel. ATPase was meas- 
ured with the ATP regenerating system with 24 yg of protein. 


TABLE V 


Protection by ATP against dialysis inactivation of ATPase and 
coupling activity 
The coupling factor, 2.8 mg, was dissolved in 1.5 ml of sucrose- 
Tris-EDTA and divided into three 0.5-ml aliquots. Dialysis was 
carried out at room temperature for 2 hours versus 0.25 m sucrose- 
0.01 m Tris, pH 7.4. ATP was 0.005 m when added. Assays for 
coupling activity (P:O) were carried out as described under 
‘‘Experimental’”’ with 0.038 mg of the coupling factor and 0.620 
mg of the particulate fraction per vessel. In the absence of 
coupling factor, the P:O was 0.03. ATPase activity was meas- 
ured with the ATP regenerating system. 








Dialyzing solution P:0 ATPase 

pmoles P;/mg/ 
10 min 
None (undialyzed control).......... 0.48 360.0 
ESS, SOREL LEELA PE IG 0.09 26.0 
BUGUON PR TIRWIEE DT  oa.s <5o'c< snes celamt's 0.33 172.0 
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TaBie VI 
Protection by ATP against heat inactivation of 
ATPase and phosphorylation activity 

A solution of the purified enzyme containing 1.6 mg protein 
per ml was divided into appropriate aliquots and heated for 4 
min under the indicated conditions. The ATP, when present, 
was 4 X 10° m. Assays for coupling activity (P:O) were carried 
out as described under ‘‘Experimental’’ with the use of 0.038 mg 
of the coupling factor and 0.495 mg of the particulate fraction. 
In the absence of coupling factor, the P:O ratio was 0.05. The 
ATPase assay was carried out in the presence of the ATP regener- 
ating system. 

















Pretreatment P:0 ATPase 
pmoles P;/mg/ 
10 min 
BR ate whl. dulicoresndls Ae «nee ch 0.46 342.0 
Te, ae ee oa RR Oe eee 0.16 59.0 
Cg NS Ee eee ee 0.55 342.0 
TaBLe VII 


Effect of various agents on oxidative phosphorylation and ATPase 


Assays for coupling activity (P:0) were carried out as described 
under ‘“‘Experimental’’ with 0.600 to 0.700 mg of the particulate 
fraction and an amount of coupling factor which resulted in less 
than maximal stimulation of phosphorylation. ATPase was 
measured with the ATP regenerating system. In each assay, the 
various agents were added in the final concentration indicated 
without prior incubation with the enzyme. 





ATPase, % control P:O, % control 





Agent 
Sf £22.48) Ser GePak > £2Eo. 8tb 
10-§ | 10-5 | 10-* | 10-* | 10-5 | 10-§ | 10-4 | 10-4 














2,4-Dinitrophe- 
asa al 100 | 108 | 117 | 152 | 75| 36) 15] 0 
Pentachlorophenol*.| 133 | 161 | 95; 22 0 0 
Triiodo-t-thyro- 





ee ae 83 | 50] 33 100 | 100} 31] 0 
Dicumarol.......... 92| 78] 33 0 0 0 
Dihydrovitamin K, | 

diphosphate*..... 52; 0O| O| O|] 75] O 
Wartaria: 26.0004... 100 100 
Sintrom...........: 100 58 
Chloropromazine...| 80 | 45) 20 5 86 | 67 
Mtabrine’. ... 0. 6600): 100 | 100 | 81/ 60 92] 0 
TO AEE re ee a 0 | 100 | 100|} 75| 0 
p-Chloromercuri- 

benzoate......... 100 100 | 21 
Chloramphenicol.... 100 | 100 96 | 82 





























* These compounds inhibited respiration between 20 and 40% 
at the highest concentration reported. 


(Table VI) resulted in parallel losses of both activities. ATP 
(0.005 ) or various salts such as ammonium sulfate, ammonium 
chloride, ammonium phosphate or potassium sulfate at higher 
concentrations (0.05 m) added to the dialyzing medium gave 
considerable protection of both activities. Similarly, heating in 
the presence of ATP (0.004 m) resulted in a complete protection 
of both activities. 

Oxidative phosphorylation in liver mitochondria and bacterial 
extracts has been shown to be uncoupled by ultraviolet light and 
recoupled by the addition of vitamin K, (25-27). These results 
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and the fact that the ATPase was inhibited by Dicumarol and 
vitamin K,; analogues prompted an investigation of the effect of 
ultraviolet light on the soluble factor. A 10-min exposure of the 
purified factor to ultraviolet irradiation at 253.7 my resulted in 
a destruction of both ATPase and coupling activity. However, 
attempts to restore these activities with vitamin K, emulsion 
(Mephyton), coenzyme Q, or a water-soluble derivative of vita- 
min K, (dihydrovitamin K, diphosphate) were unsuccessful. 

It may also be mentioned that during all of these investigations 
of protection or inactivation, the ratio of the ATPase activities 
in the presence and absence of dinitrophenol remained constant. 

Effect of Various Agents on Oxidative Phosphorylation and 
ATPase—The effects of various compounds on the coupling and 
ATPase activities are outlined in Table VII. In general, these 
compounds fell into 2 main groups: (a) those which uncoupled oxi- 
dative phosphorylation at concentrations at which ATPase activ- 
ity was not affected (e.g. Dicumarol and Sintrom), and (6) those 
which appeared to be more effective inhibitors of ATPase than 
of oxidative phosphorylation (e.g. triiodothyronine and azide), 
The significance of these observations will be considered below. 

The diphasic effect of pentachlorophenol on the ATPase ac- 
tivity and its greater effectiveness compared to dinitrophenol in 
both assays parallels similar observations reported by Weinbach 
(28) who has examined both compounds for their effects on these 
activities in liver mitochondria. The finding of an uncoupling 
effect of triiodothyronine is in agreement with the observations 
on submitochondrial particles reported by Park et al. (29). Dig- 
itonin particles, on the other hand, have been reported to be 
resistant to thyroxin analogues (30). 


DISCUSSION 


The experiments described in this paper have been concerned 
mainly with the elucidation of the relationship between the 
coupling activity and ATPase activity manifested by the soluble 
factor. An insight into this relationship might provide a clearer 
understanding of the terminal transphosphorylating reaction of 
oxidative phosphorylation. The accumulated evidence provides 
a reasonable basis for the conclusion that the catalytic site re- 
sponsible for the hydrolysis of ATP and for the coupling activity 
reside on the same protein. The proof gathered from the various 
experimental approaches to this problem consists of (a) the re- 
constitution of oxidative phosphorylation and the P;*®-ATP 
exchange by addition of the highly purified ATPase to oxidizing 
particles; (b) the parallel lability of both activities to a variety of 
physical treatments including exposure to low temperature; (c) 
the parallel activation of both activities after exposure to elevated 
temperatures; and (d) the observation that all compounds which 
affect ATPase activity also uncouple oxidative phosphorylation. 

At the outset of these investigations, it was observed that 
procedures which resulted in the purification of the coupling 
factor consistently yielded a parallel purification of a dinitro- 
phenol-stimulated ATPase. After the introduction of the prota- 
mine and heat steps in the later stages of purification, discrep- 
ancies in the ratios of the two activities were observed. The 
apparent greater purification of the ATPase activity compared 
with the coupling activity is actually not based on the removal 
of other protein impurities, but depends to a large extent on an 
absolute increase in total units. This indicates either the re- 
moval of an inhibitor or an activation of a hydrolytic site. The 
manifestation of hydrolytic activity, occurring as a result of 
aging or purification of the protein, by an enzyme normally in- 
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volved in the transfer of an “energy rich” group is not a unique 
phenomenon. Glyceraldehyde-3P dehydrogenase catalyzes the 
step of oxidative phosphorylation that occurs during glycolysis. 
In addition to its oxidative capacity, this enzyme also catalyzes 
the transfer of an energy rich group. With acetyl-P as substrate, 
the transfer reaction is about ten times more rapid than hydrol- 
ysis. However, on aging, transfer activity is lost while hydrolyz- 
ing activity increases due to the oxidation of SH groups on the 
enzyme (31). A similar stimulation of hydrolysis can be 
achieved by reacting the SH groups of the enzyme with iodoace- 
tate (32). Thus, this enzyme has been changed from a transfer 
to a hydrolytic enzyme. The well known “latent” properties of 
mitochondrial ATPase have been interpreted in a similar manner. 
Bound to the structure of undamaged mitochondria, the hydro- 
lytic potentialities of this protein are largely masked (33-35). 
In the course of disruption of the mitochondria and further puri- 
fication of the enzyme, the reaction with water as an acceptor 
becomes increasingly pronounced. From this point of view, the 
ATPase activity as measured in the purified enzyme represents 
only a distorted view of the activity of this protein during oxi- 
dative phosphorylation. 

An inspection of the relative susceptibility of oxidative phos- 
phorylation and ATPase activity to various inhibitors reveals 
that the correlation is not complete. In view of the differences 
in the assay systems, this isnot unexpected. Moreover, since the 
particulate fraction contains other components essential for oxi- 
dative phosphorylation as discussed below, it is not surprising to 
find that oxidative phosphorylation is more susceptible than the 
ATPase to the action of some of the uncouplers examined. On 
the other hand, sodium azide, which inhibits the hydrolysis of 
ATP at concentrations which appear relatively ineffective on 
oxidative phosphorylation, may interfere more effectively with 
hydrolysis than with the transfer reaction during oxidative phos- 
phorylation. A somewhat analogous situation also has been en- 
countered with glyceraldehyde-3-P dehydrogenase. Glutathione 
or potassium cyanide abolish the hydrolytic activity on acetyl-P 
without affecting the transfer activity (36). It may be signifi- 
cant that in the presence of azide, the stimulation of ATP hydrol- 
ysis by dinitrophenol is much more pronounced than in its 
absence. In contrast to this is the effect of p-chloromercuri- 
benzoate which has little effect on the rate of hydrolysis in the 
absence of dinitrophenol, but completely eliminates the stimu- 
latory effect of this compound. 

It is difficult to formulate a role for the soluble ATPase which 
is consistent in all details with current concepts of oxidative 
phosphorylation. The general mechanism of oxidative phos- 
phorylation as originally proposed by Slater (37) is as follows: 


1.AH:+B+C = A~C+ BH: 
2A~YC+Pi = A+C~P 
3. C~P+ ADP = C+ ATP 


where AH and B are adjacent members of the respiratory chain 
and C is a hypothetical coupling factor. 

The last step, the transfer of the energy rich phosphate from 
C ~P to ADP to yield ATP + C would be the logical site for the 
action of a dinitrophenol-sensitive transfer enzyme such as dis- 
cussed above. There are, however, two considerations which 
are in apparent discord with such an assumption. First, dinitro- 
phenol is considered by most investigators to exert its effect by 
promoting the hydrolysis of A ~ C (cf. (38)). The evidence for 
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this localization, however, is circumstantial and, in fact, has 
been questioned recently (39). Secondly, an enzyme concerned 
with the transfer of phosphate from C ~ P to ADP might be 
expected to catalyze an exchange reaction between ADP and 
ATP. Various attempts have been made to demonstrate such 
an exchange reaction with purified ATPase without success. 
However, these failures are not decisive in view of the increased 
predominance of the hydrolytic activity of the purified enzyme 
discussed above. Experimental evidence is available that on 
addition of the coupling factor to mitochondria some of its hy- 
drolytic activity becomes masked. In view of this consideration, 
attempts are being made to inhibit the hydrolytic activity with- 
out affecting transfer activity, as for example by addition of 
sodium azide. However, even under these conditions, no C™- 
ADP-ATP exchanges have thus far been observed. A require- 
ment of the coupling factor for a C“-ADP-ATP exchange cat- 
alyzed by the particulate fraction could not be demonstrated 
because of the presence of adenylic kinase in the particles. A 
soluble fraction prepared from beef heart mitochondria according 
to the procedure of Wadkins and Lehninger (40) catalyzed an 
ADP-ATP exchange but not a P;®-ATP exchange and had no 
effect on oxidative phosphorylation when combined with the 
particulate fraction. Similarly, the protein which catalyzed 
both the P;®-ATP and C'-ADP-ATP exchange described by 
Chiga and Plaut (41) could not be substituted for the coupling 
factor. These findings do not rule out a possible participation 
of these proteins in oxidative phosphorylation since the partic- 
ulate fraction may contain other soluble components essential 
for oxidative phosphorylation. In fact, in recent experiments 
in this laboratory further fragmentation of the submitochondrial 
particles and separation of a second soluble, heat labile, non- 
dialyzable component which is required for phosphorylation has 
been achieved. This component, in contrast to the coupling 
factor (ATPase), did not exhibit ATPase activity and was pre- 
cipitated at pH 5.4. The factor described by Linnane was also 
precipitated at pH 5.4 (18). 

The relationship of the coupling factor from beef heart mito- 
chondria to soluble factors from bacterial preparations, which 
have been reported to stimulate oxidative phosphorylation, is 
difficult to evaluate at present. The heat-stable polynucleotide 
factor of Pinchot (42) which appears to act as a ligand between 
the soluble and particulate components of the bacterial system 
may play a role similar to that of Mg** in the animal system. 
The soluble, heat-labile factors of Pinchot (42) and of Brodie 
(43) may be related to the coupling factor, although in contrast 
to the beef heart system, the soluble factor from mycobacteria 
(43) was required for oxidation as well as for phosphorylation. 


SUMMARY 


1. Mechanically fragmented beef heart mitochondria have 
been resolved by differential centrifugation into a particulate 
and a soluble protein component, both of which were required for 
oxidative phosphorylation. The particulate fraction alone cat- 
alyzed the oxidation of succinate, 6-hydroxybutyrate, isocitrate, 
and glutamate with little or no concomitant phosphorylation. 
Addition of the soluble factor to the particles resulted in a net 
uptake of inorganic phosphate with a P:O of 0.4 to 0.8. Simi- 
larly, both fractions were required for a P®-ATP exchange. 

2. The highly purified, soluble coupling factor catalyzed a 
dinitrophenol-stimulated hydrolysis of ATP. 

3. Comparative studies of the cold lability, heat stability, and 








3336 


other physical properties strongly favored the conclusion that 
the coupling and ATPase activity were catalyzed by the same 
protein. 


4. The significance of these results in relation to current con- 


cepts of the mechanism of oxidative phosphorylation has been 
discussed. 
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The binding of ions to a protein molecule produces an al- 
teration of the protein net charge detectable by a difference 
in the electrophoretic mobility. The interpretation of these 
changes in terms of binding data, however, is complex, and most 
electrophoretic studies are, therefore, restricted to the report of 
the observed mobility differences (2). Two main approaches 
to the establishment of quantitative binding data have been 
described. The first is based on the analysis of Alberty and 
Marvin (3, 4) and Smith and Briggs (5) which involves the 
determination of the constituent mobilities from the boundaries 
and requires a knowledge’ of the free ion mobility. Association 
constants for Cl- and methyl orange have been obtained by 
these authors. The second approach was established by Longs- 
worth and Jacobsen (6) and implies a correlation between the 
protein net charge and the electrophoretic mobility. Velick (7) 
and Lal and Rao (8-10) have combined their charge data thus 
obtained with results secured from other techniques to calculate 
enzyme-anion and albumin-metal binding, respectively. On a 
purely electrophoretic basis, Aoki and Foster (11-14) arrived at 
a quantitative analysis of isomerization equilibria, whereas Schil- 
ling recently described a method (15) whereby both proton- 
and ion-binding constants may be obtained after conversion of 
moving-boundary mobilities into electronic charge. 

Data provided by the Tiselius method are frequently com- 
plicated by boundary anomalies and a relatively high protein- 
ion ratio, which may give rise to the appearance of “artifacts” 
(16). In paper electrophoresis, on the other hand, there is a 
constant and considerable excess of the buffer ions over the 
protein. The method thus seems to come close to the “‘ideal 
electrophoretic conditions” (17), insofar as low protein concen- 
trations can be run in buffers of high ionic strength. 

Paper electrophoresis has recently been developed in this lab- 
oratory into a quantitative method yielding mobilities identical 
with those obtained by the moving boundary technique (18, 
19). In the present investigation, Schilling’s analysis (15) is 
extended and the equations are applied to the paper electropho- 
retic data obtained from protein-metal systems, in order to il- 
lustrate that quantitative information, comparable to that ob- 
tained by other methods, can be secured. 


BINDING-CHARGE RELATIONS 


The interaction of cadmium and zine with serum albumin 
has been extensively studied, and excellent reviews on this field 
have appeared (20-22). The metal ions are generally assumed 


* A preliminary report of this investigation has been given 
elsewhere (1). , 


to be bound almost exclusively to the imidazole groups where 
they compete with H* ions. Since the binding constants found 
are in good agreement with the first association constant of 
the metal ion with imidazole alone and, therefore, apparently 
independent of the number of bound ions, all imidazole sites 
are considered equivalent. The equilibrium between the metal 
ion and the binding site may be represented by the equation 
(28) 


v 


@—p-saiey ~* 





ue 22MZ Pe (1) 


where n is the total number of binding sites, 7 is the number 
of sites bound to metal ions, and Dg the number of protonated 
binding centers. Each number refers to one protein molecule. 
[M++] represents the concentration of the free metal ion and 
ky°® is the intrinsic association constant for the interaction be- 
tween imidazole and the metal ion. 

The exponential factor gives the electrostatic correction, equiv- 
alent to the ratio of the activity coefficient of the free protein 
to that of the protein-metal complex (21). Zw is the charge 
of the free metal ion, Zp the protein net charge, and w a con- 
stant depending for a given protein and, within a broad charge 
range, on the ionic strength and temperature. 

Correspondingly, the association of hydrogen ions with im- 
idazole can be described as 


rast a PHo 
(n — > — on)(H*+) = (n — ony) (H+) 





- ku® e722 pw (2) 


where 7g, stands for the number of protonated binding sites in 
the absence of metal and (H*) is the activity of the H+ ion 
as given by the pH. 
In general, the above equilibria may be presented as follows: 
++ Ht 


RNH. => RNH,* 








M(RNH:)** 


Thus, any bound Cd or Zn ion increases the net charge Z of 
the protein by two electronic units and, according to Schilling, 
one gets (15) 


AZp = Auf = 26 + in — ony (3) 


where Au represents the difference between the mobility ux 
found in presence of the interacting bivalent ion and the mo- 
bility wo, determined in its absence at the same ionic strength, 
pH, and temperature; f stands for the charge-mobility ratio 
treated below. 

In Equation 3 the mobility change is attributed to the com- 
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petition between protons and metal ions for the imidazole sites 
and no account is taken of possible changes in the interaction 
of buffer ions, present in the electrophoretic medium, with other 
centers. The apparent implications of this fact will be consid- 
ered later on. 
By combining the above equations (15), it is found that 
Auf{Ku(H*) + 1) 


* = ~~ Ka(H*) + 2 () 





and 


1 _ 1 _[Kn(H*) + 1P 
Auf (M*] KunlKu(H*) + 2] 


Kxu(H*) + 1 
niKu(H*) + 2] 








(5) 


where, for simplicity, Ky stands for ky%e-*2m2P~ and Ky is writ- 
ten for ky%e~?2Pv, 

This correlation thus yields both the proton- and the metal- 
binding constant, provided that n is known. When the recip- 
rocal of the free ion concentration is plotted against the re- 
ciprocal of the change of the protein net charge, according to 
Equation 5, and by setting a for the slope of the curve and 
b for the intercept on the ordinate, the following relations are 
obtained: 


Kn(H*) + 1 (6a) 
" * [Ka(H*) + 2)-b 
or 
2bn — 1 
Ku(H*) = ch (6b) 
and 
i aa b 
a [Ku(H*) + 1) (7) 
a 
al: 1 1 : 
From Equation 6a it is seen that CWE b This has a 


certain significance when dealing with unknown proteins, since 
the limits thus set are rather narrow and reasonable n values 
may be obtained by successive approximation. 

A combination of Equations 4 and 6 shows that 


p= Auf-n-b (8) 
Hence, at infinite metal concentration, where 1/[M*+] approxi- 


mates zero and where, according to Equation 5, b = 1/Auf, 


TABLE I 
Electrophoretic experiments 


























a) | Electro- 

Ton ae § fexp” Protein | phoresis Staining 

g eo | strip 

Scat act be 

cm 

Cd*+* |0.10)5.95/21.5°| BSA, 5yul | 8 X 39) BPBe 
Zn*+ |0.15/6.07\25.0°| HSA, 3ul 17.5 X 40) Oil fixation¢ 
Zn++ 0.2815.70|22. 1° HSA,5ul | 8 X 39| BPB 
@ Average total ionic strength after evaporation. Calculated 


as described (19). 
+ Determined as reported (19). 
¢ Bromophenolblue stain, as detailed in (19). 
4 For details, see (24). 
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it is found that > = n, i.e. that at infinite metal concentra- 
tion all sites are bound, which is obvious. Equations 6 and 8 
will also provide the limits of > as 0.5 Auf < ¥ < Auf, corre. 
sponding respectively to metal- and proton-binding alone. 

In the present investigation, Equation 6b and 7 were em- 
ployed to evaluate the binding constants from the plot accord- 
ing to Equation 5. The reciprocal of the total metal concen- 
tration was taken as abcissa, since the protein is in equilibrium 
with the total amount of ions present in the buffer and prac. 
tically all ions can, therefore, be assumed to be in the free 
form. Further, as usual in calculations involving systems with 
constant ionic strength (21) and temperature, no account was 
taken of the activity coefficient of the free metal ion. Impli- 
cations of this fact are discussed below in connection with the 
final binding constants. 

The calculation of the charge-mobility ratio f and of the elec- 
trostatic interaction factor is treated in the following paragraphs, 


EXPERIMENTAL PROCEDURE 


Mobility Determination—Both the experimental procedure and 
the calculations were carried out as previously described (19). 

Protein—Four per cent (weight per volume) solutions of bo- 
vine serum albumin (crystalline, Armour and Company, lot R- 
13706), or of human serum albumin, kindly supplied by Dr. A. 
Hansen, Statens Serum Institut, Copenhagen, were prepared 
by dissolving the protein in the corresponding buffer at 1°. The 
specimens were electrophoretically homogeneous under all con- 
ditions investigated. 

Buffer Solutions—Varying concentrations of metal acetate 
(Merck and Company, Inc., analytical grade) were employed 
and sodium acetate added to give solutions of constant total 
ionic strength. The pH was adjusted with acetic acid. 

Three series of experiments were performed, as detailed in 
Table I. 


RESULTS AND DISCUSSION 


Charge-Mobility Ratio 


As seen from Equation 3, the electrophoretic mobility has 
to be converted into electronic charge in order to yield quan- 
titative information as to the interactions taking place. The 
conversion of mobility into charge presents several theoretical 
difficulties. It is beyond the scope of this paper to detail these 
aspects, exhaustively treated in the monographs of Abramson 
et al. (25) and Overbeek (26). It should be pointed out, how- 
ever, that these were the problems which apparently thus far 
have hampered the application of electrophoresis to the quan- 
titative calculation of ion binding, since a great number of stud- 
ies report mobility changes and even splitting of the protein 
fractions after ion addition as a rather qualitative sign of bind- 
ing (27). 

An experimental correlation between titration and mobility 
data by Longsworth and Jacobsen (6) gave AZ:Aw ratios of 
5.0-10° for bovine serum albumin and of 3.12-10° for B-lacto- 
globulin in media of 0.10 ionic strength and at 0°. Their ratios 
calculated by the Debye-Hiickel-Henry equation (25) were re- 
ported to be about 3 of the experimental values. When methyl 
orange-binding was calculated from electrophoretic data by way 
of the experimental ratio and compared to results from equi- 
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librium dialysis, 2.5 times as much anion was found to be bound 
as indicated by the mobility change. In spite of this incon- 
gruence their experimental AZ:Au ratio for serum albumin pre- 
sents an approximation and has repeatedly been used by other 
workers (8, 15). In this regard it is emphasized that, although 
the exact value of this ratio is of considerable importance in 
calculations on bivalent ion-binding here described, it is less 
critical when monovalent ion-binding is treated accordingly.! 

Cannan et al. (28) compared their titration results for 8-lac- 
toglobulin with the mobilities of Pedersen (29) and found the 
electrophoretic charge to be 85% of the value obtained from 
titration. Velick (7) calculated the charge of aldolase from elec- 
trophoretic values and found agreement between anion-binding 
data thus obtained and those arrived at by equilibrium dialy- 
sis. The discrepancy with titration results, however, was ex- 
treme. 

From the experiments of Steinhardt et al. (30-32) indications 
are derived that undissociated acid, such as HC], may be bound 
to the protein along with H+. This would contribute to the 
titration curve, yielding too high a value for the apparent net 
charge, and may explain the fact, that the titration charge in 
absence of salts agrees better with the value calculated from 
the mobility than that found by titration at the ionic strength 
of the electrophoretic experiment (25). 

Consequently, as the first step toward the establishment of 
the AZ:Au ratio, the charge from titration data corrected for 
ion-binding other than H+ and OH~- was plotted against the 
pH. The charge was calculated from %— — Pe, in which Py 
was taken from the work of Tanford et al. (33) and 7c) was 
interpolated from the data of Scatchard et al. (34). 

Since electrophoretic mobility values of serum albumin are 
well defined as function of the pH, the pH axis of the pH against 
charge plot was then replaced by a mobility coordinate, the 
values of which were obtained by paper electrophoresis (19). 
This correlation is shown in Fig. 1 where a constant propor- 
tionality between charge and mobility is observed, the recip- 
rocal slope AZ: Au = f being equal to 4.04-10° for 1° and 0.15 
ionic strength. 

In Fig. 1 a range from about pH 4.0 to 8.6 is covered. A 
slight deviation from linearity is observed at the lowest pH 
values. This is an agreement with Aoki and Foster’s data for 
bovine plasma albumin (11) and Longsworth’s results for oval- 
bumin (36) and is presumably due to configurational changes in 
the macromolecule beyond pH values of about 4.0 and 10.0 
(11-14, 33, 35). 

The experimental f ratio (Fig. 1) was then compared to the 
combined Debye-Hiickel-Henry equation: 


Z_ _ 300 Srnr-(1 + or + xri) “f(x, a/b)C @) 
u 48-107 fler)-(1 + ari) 





The quotient 300/4.8-10-'° converts the charge into electro- 
static units; r is the effective spherical radius of the serum al- 
bumin molecule, taken as 32.5 A in the present calculations; 
r; represents the average radius of the electrolyte constituent, 
calculated from the ionic mobility at zero strength as 2.76 A 
for Na+ and 3.88 A for Cd*++. The latter value was also em- 
ployed for Zn*++. 1 is the viscosity coefficient of the solvent, 
as obtained from physico-chemical tables. 


1H. Waldmann-Meyer, in preparation. 


H. Waldmann-Meyer 
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x stands for the reciprocal of the Debye-Hiickel thickness of 
the electrical double layer, given by 


ae 8reN | VF 
10°DkT 





(10) 


where N is Avogadro’s number, e the electronic charge, D the 
dielectric constant, k the Boltzmann constant, and T the ab- 
solute temperature. For water at 25°, x equals 3.27 -10’-+/ T'/2. 
f(xr) is the Henry function (37) which corrects for the dis- 
tortion of the field by a large nonconducting particle, and was 
interpolated from the data of Gorin (see (25) p. 121). 

f(x,a/b) is a function tabulated by Gorin (see (25) p. 132) 
which corrects for the asymmetry of the protein as given by 
the axial ratio a/b, and correlated to the frictional ratio f/fo, 
taken as 1.26, by Perrin’s equation (38). In the numerator of 
Equation 9 this function is equivalent to the ratio of the mo- 
bility of a sphere to that of a cylinder of the same molecular 
volume. C is a dimensional constant. 

It will be noted that f depends on the temperature for which 
the mobility is caleulated, inasmuch as Z may be assumed to 
remain practically unchanged in the considered range (12, 39). 
Since most of the functions involved in Equation 9 are better 
defined for 25°, the f ratios were calculated for this temperature 
and then converted to 1°, at which mobilities are usually re- 
corded, by means of the viscosity ratio of water [1.94] (19). 

For 0.15 m NaAe, an f value of 4.26-10° was thus obtained, 
as compared to 4.04-10° found through the experimental cor- 
relation (Fig. 1). The difference is about 5% and would in- 
crease by another few percentage points if the correlation for 
relaxation effects in the distortion of the double layer postu- 
lated by Overbeek (26) were taken into account. However, 
the agreement appears better than expected and may be due 
in part to the recent valuable data of Tanford et al. (33), as 
well as to mutual cancellation of minor approximations undoubt- 
edly contained in the calculations according to Equation 9. In 
fact, parameters such as the effective protein radius r may be 
chosen within a fairly broad range, as long as the shape, charge 
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Fic. 1. The charge-mobility correlation of serum albumin (1°). 
Ordinate: mobilities of human serum albumin in T 2 0.10 sodium 
acetate and barbital buffer determined by zone electrophoresis 
(18, 19). Abscissa: charge Z = iq — ic). in for bovine serum al- 
bumin, 0.15 m KCl, 25° (33), and human serum albumin, I 2 0.15 
(34). Positive charges obtained ic; directly from Tanford et al. 
(35) for bovine serum albumin, 0.15 m KCl, 25°. Data correlated 
by means of pH (cf. text). 
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Fic. 2. The ionic strength function of the charge-mobility ratio 
(serum albumin in sodium acetate, 1°). (X) Calculated from 
Equation 9 as described in the text, except for I'/2 0.15 obtained 
from Fig. 1. (A) Bovine serum albumin, 0°. Longsworth and 
Jacobsen’s theoretical value (6), equivalent to 3 of their experi- 
mental result. (1) Bovine plasma albumin, 0° (11-13). 1/2 
0.02 in the presence of Cl- or SCN-. [/2 0.10 in the presence 
of Cl-. 


distribution, and hydration of the macromolecule are not better 
known. Possible differences produced by the fact that the ti- 
tration data were obtained with bovine serum albumin at 0.15 
ionic strength, whereas the mobilities were determined in buffers 
of 0.10 ionic strength and on human serum albumin, appear 
negligible. 

The f ratios obtained from Equation 9 were thus converted 
to their 1° values and decreased by 5.2% in accordance with 
the difference between experimental and theoretical results. 
In Fig. 2, the values for serum albumin thus calculated are 
shown as a function of the electrolyte concentration and com- 
pared with those reported by others. Aoki and Foster’s data 
(11, 12) were obtained in the presence of Cl- or SCN-. It is 
noteworthy that Velick’s ratios for aldolase (7) fit into the curve 
up to I'/2 0.10. The straight line relationship between the 
square root of the ionic strength and the f ratio is to be ex- 
pected from the theory (Equation 9).? 

These calculations imply that the protein radius and the 
frictional coefficient do not change with concentration or ion- 
binding. Aoki and Foster have shown (11) that bovine plasma 
albumin radii are independent of the ionic strength above 
pH 3.5. As to ion-binding, it is assumed here that the effect 
may be neglected. Because of the agreement between the ex- 
perimental and theoretical results in sodium acetate, an experi- 
mental f determination for the 3 metal buffers employed in this 
study was considered unnecessary. The f values for these media, 
appearing in Table II, were thus calculated by means of Equa- 
tion 9, converted to 1° and reduced by 5.2%, whereafter they 
were applied to the evaluation of the binding constants de- 
scribed in the following section. 


Proton and Metal Binding Constants 


Before the actual determinations, it was necessary to eluci- 
date whether dextran, used as buffer flow indicator in the paper 
electrophoretic experiments (18, 19), interacts with the metal 
ion. Spectrophotometric measurements at 230 my showed that 
the optical density of a 4% dextran solution remained constant 
upon addition of increasing concentrations of cadmium acetate 


2 Extrapolation to the ordinate axis yields an apparent f ratio 
of 1.27-105. However, when « is set equal to zero (1/T/2 = 0), 
f(x-) becomes equal to unity, f(x, a/b) = 1.28, and f = 0.81-105. 
Evidently Equation 9, representing an idealized protein model, 
is no longer fully valid in the infinite dilution region. 
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up to ['/2 0.25. Neither did conductivity measurements give 
any indication of such an interaction, whereas in borate media, 
known to interact strongly with carbohydrates, the change in 
Ax was proportional with the borate concentration.* In anal- 
ogy with Cd*+, it was presumed that no significant reaction 
between Zn** and dextran takes place. 

Three series of metal-protein-binding experiments were then 
run at different ionic strengths and the mobilities calculated as 
previously described (19). 

1. Association Constants Ky and Ky—In Fig. 3 the mobility 
increase, Au, of the protein is correlated with the ion concen- 
tration. Although a direct comparison of the three curves is 
difficult because of the different total ionic strengths, it is im- 
mediately apparent that Cd+*+ is more strongly bound to al- 
bumin than Zn**. In fact, when comparing curves a and 6, 
it is seen that the zine concentration necessary to neutralize 
the negative protein charge, 7.e. to reach the point where Au 
= Uo, is over three times that required by cadmium. This 
would be more obvious from a u against I'/2 plot, but for rea- 
sons given below the present correlation is to be preferred. 

When the data given in Fig. 3 are plotted reciprocally ac- 
cording to Equation 5, it will be appreciated that experimen- 
tal spreading at low ion concentrations will produce excessive 
scattering in the high 1/[M*+] range. This not only gives a 
misleading picture of the situation but, above all, makes dif- 
ficult the determination of the position of the reciprocal curve. 
This is of importance, since small variations of the intercept 
value may produce considerable effect on the final k° values. 
In Fig. 4, 1/Aw values corresponding to concentrations below 
0.02 ionic strength are, therefore, calculated from the curves of 
Fig. 3 which are fixed by the origin of the coordinates and 
thus well defined in the low concentration range. 

Both Ky and Ky, which according to Equation 5 determine 
the curve of the reciprocal plot, contain the electrostatic in- 
teraction factor. Therefore, it seems peculiar that a straight 
line relationship should be found in Fig. 4, since the protein 
net charge will change with the metal concentration. An in- 
spection of Equation 5, however, reveals that, in spite of Zp 
variation, the greater Ky-(H*) is relative to unity, the more 
constant the intercept will remain. The slope, on the other 
hand, will decrease, since, as seen in Equations 1 and 2, the 
electrostatic correction of Ky in bivalent metal binding is twice 
the correction of Ky. Consequently, the slope will deviate from 
linearity at high 1/[M*+*] values without implications for the 
present calculations. The straight line used for extrapolation 
to infinite concentration may be considered an approximation 
corresponding to the tangent of the hypothetical curve. 

From the reciprocal plot Kg and Ky are obtained accord- 
ing to Equations 6 and 7. To this end, the intercept b and 
slope a are taken from the reciprocal plot and divided by f 
and 3f, respectively, to get the terms required by Equation 5. 
The f factors employed in these calculations are given in Table 
II. In view of minor uncertainties regarding the actual num- 
ber of imidazole groups (33), the constants for n values of both 
16 and 17 were calculated. The experimental limits of n, as 
derived from the intercept 6 according to Equation 6, were of 
the order 9.6 < n < 19.3 in the cadmium and I'/2 0.15 zine 
series and of 8.9 < n < 17.7 in zine experiments at I'/2 0.28. 


3H. Waldmann-Meyer, unpublished experiments. 
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strength of the interacting metal ion, calculated as previously 
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Fic. 4. The reciprocal mobility change against ionic strength correlation. 


Left ordinate: valid for Curves a and b. Right or 


dinate: corresponding to Curve c only. All symbols, denominations, and experimental data as in Fig. 3. 


2. Electrostatic Interactions—The electrostatic interaction is 
evaluated as follows: 

w-values are obtained from Tanford’s data (33), partly by 
extrapolation to higher ionic strengths. Zp is determined ac- 
cording to Equation 11: 


Zp = umf = (Au + w)f (11) 


where um is the mobility of the protein-metal complex, Au the 
reciprocal of the ordinate intercept in the plot according to Equa- 
tion 5 (Fig. 4), and uo the mobility of the protein in sodium 


acetate at the same temperature, pH, and ionic strength. It 
will be seen that Zp is evaluated at infinite metal concentra- 
tion, where ? = 16 to 17. As shown below, however, the max- 
imal > values reached by experiment lie between 11.5 and 7.8, 
which means that the electrostatic effect is probably overesti- 
mated and that the actual intrinsic binding constants should, 
therefore, be somewhat lower. The difference in log ku® would 
be of about the same order as produced by the change in Zy 
from 2 to 1 units described below. 

The charge of the metal ion, Zu, has been subject of ample 
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TABLE IT 


Calculation of intrinsic association constants 





Ion® and protein 




















ca Zn+ =| Zn 
BSA HSA HSA 

Average total ionic strength’ | 

MMR os cccnpeteies ea 0.10 | 0.15 0.28 
Petts no ss Meawnir nein ee 5.95 | 6.07 5.75 
Experimental temperature®. | 91.6s° | 25.0 22.1 
De cvinicisdais$:.& Cab. | 28 4.42 
Intercept value-10~-5(Fig. 4)°. 0.170 | 0.205 0.250 
Slope-10-* (Fig. 4)4......... 0.83 | 2.05 10.72 
uo-105 (em?-V-!-see"!)¢..... | —2.95 | —2.97 —2.00 
tee tepals f Bante aoe? 8.84 
aa Rare eight 0.028 | 0.025 0.022 
Ku-10-® (texp) | 

"Se ee 3.53 5.39 4.62 

n = 17. 5.98 | 9.52 12.93 
Ku (texp) | 

A SR ee Ae 304.5 167.8 64.45 

TER oe SECU Ss. otis i | 473.0 | 274.0 167.9 
Log kx | 

r= 16 eee bee o Pe ews ee be 6.723 6.89, 6.784 

ee. Ee apetare” | 6.95; | 7.14 7.23, 
Log km? | | 

eh See re 2.925 | 2.549 2.123 

ne) oe | 3.11; | 2.76; 2.54; 








@ In all calculations the charge, Zu, of the metal ions was taken 
as bivalent (cf. ‘‘Electrostatic Interactions’’). 

» Determined as previously described (19). 

© To be divided by f to obtain 6, according to Equation 5. 

4 Divide by 3f to find a, according to Equation 5. 

¢ Experimental values. 

‘ Calculated from Equation 11. 

9 Interpolated from the data of Tanford e¢ al. (33). 


discussion, since the fact that each ion bound increases the charge 
of the imidazole site by two proton units, does not lead to 
immediate conclusions as to the charge of the ion in solution.* 
In the present calculations cadmium and zinc ions are re- 
garded as bivalent. The existence of monovalent M*+Ac ions 
would imply that the total ionic strength of the media of each 
of the experimental series as well as the f values vary from 
experiment to experiment. Log ky° values for such interactions 
can, therefore, only be given as crude estimations and amount 
to log kca® 2.89, log kzn° 2.60 (['/2 0.15), and 2.37 (I'/2 0.28) 
for n = 17 and 25°. However, it is difficult to see why Ac~ 
should be split off upon M+Ac binding to imidazole. If we thus 


4 Extensive studies on cadmium acetate in 3 m NaClO, have 
been performed by Leden (40, 41). Because of the quite different 
medium, his conclusions are not directly applicable to the condi- 
tions in the present investigation. Klotz and Fiess (42) consider 
metal ions in acetate buffer of 0.20 ionic strength and pH 6.5 
mainly as M*+Ac complexes, whereas Tanford (23) conceives the 
situation in 0.15 m KCl as follows: Cu**, Cd+Cl > Cd**, Zn*+Cl = 
Zn*+, and Pb** > PbtCl. When working in high ion concentra- 
tions, Rao and Lal (10) presume that Co** and, to a lesser degree, 
Cd** may be bound as bivalent ions. 
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assume that M*Ac is bound as such and recalculate Equation 
5 for monovalent ion-binding, it is found® that 


[Ku(H*) + 12  Kn(H*) +1 
. = + 
Ky-n n 


a 
Auf [M*] 





(12) 


When this equation is applied to the binding data with the 
previously mentioned reservations, n values of above 100 are 
required to give log ky°® values of the order of 7.0. Under the 
given experimental conditions, it therefore appears justified to 
regard the interacting ion as bivalent, giving rise to bivalent 
metal-imidazole complexes. 

3. Intrinsic Association Constants ky® and ky°—The values used 
in the calculations are given in Table II together with the in- 
trinsic proton- and metal-binding constants obtained for both 
nm = 16 and n = 17 imidazole sites. The constants were con- 
verted to their values at 25° by Equation 13: 


0 
i Ktexp 


ere, Of. + 
5. 35° fr R Tew T° 


where AH? is the standard enthalpy change and R the gas con- 
stant. AH? is considered independent of the temperature within 
the narrow range dealt with. The AH® values employed were 
—6.5 kcal per mole for proton association (33) and —2.5 keal 
per mole for metal-binding. Since the latter represents an ap- 
proximation, an error of less than 1% may be contained in the 
final log ky° (25°) values. 

(a) Proton-binding. The log ku® value of 7.14 ('/2 0.15, 25°) 
is in good agreement with the pK’ values of 7.11 (I'/2 0.16, 
23°) found by Edsall et al. (43) and of 7.12 (['/2 0.15, 25°) 
reported by Tanford and Wagner (44) for imidazole alone. For 
the imidazole group of bovine serum albumin a pKint of 6.9 
(+0.1) has been determined by Tanford et al. (33) for 0.15 
ionic strength and 25°.6 

Most pK determinations reported in the literature are made 
at the physiological ionic strength of 0.15. The following con- 
siderations prove the soundness of the values found in the pres- 
ent investigation for other ionic strengths. When log ky® (25°) 
is plotted against the total ionic strength, the three log ky’ 
values for n = 17 lie close to a straight line with a slope of 
1.07, which corresponds to a decrease of 0.15 pH units in the 
pK’ of imidazole when the ionic strength decreases from 0.15 
to 0.01. This is identical with the results reported by Edsall 
et al. (43). Extrapolation to zero ionic strength yields a value 
of 6.93, in good agreement with the pKo of 6.95 found for im- 
idazole by Kirby and Neuberger (47) at the same temperature. 

A positive slope is in accordance with the theory described 
by 


(13) 


0.5 Vr/2 


Bc AY Ld 4 
1+ Vr/2 a 


pK = pKy + 


The change in pK for an ionic strength decrease from 0.15 to 
0.01 thus calculated amounts to about 0.10 pH units, as com- 


5H. Waldmann-Meyer, in preparation. 

6 Their ‘‘expected value”? was 7.0, corresponding to the pKiat 
of imidazole reduced by about 0.1 to allow for the effect of the 
peptide chain, which in this case is not fully understood (45). 
According to the authors, the previously reported pK for human 
serum albumin of 6.1 (46) should be corrected and will probably 
be identical with the value for bovine serum albumin. 
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pared to a value of 0.15 reported above. If, as suggested (33), 
mesa Were 17 and nyga 16, the slope obtained from the cor- 
responding ky°® values in the beforementioned plot would be 
negative. No curve could be drawn for the n = 16 constants. 

Although the number of data does not warrant definite con- 
clusions, the results seem to indicate that the probable num- 
ber of imidazole groups for both bovine and human serum al- 
bumin is 17, in agreement with 16.8 found for bovine serum 
albumin by amino acid analysis (48). For this reason, in Table 
III, where the present data are confronted with those obtained 
by other workers through different methods, the constants cal- 
culated for 17 imidazole sites are taken as basis of compari- 
son. 

(b) Metal-binding. It is seen from Table III that the metal- 
binding constants obtained in this investigation are in good agree- 
ment with the values reported in the literature. Nonetheless, 
a direct comparison requires identity of ionic strength, temper- 
ature, and medium. When the first two of these conditions are 
fulfilled as the case in the ['/2 0.15 Zn*+ series, the results 
obtained by paper electrophoresis appear identical with those re- 
ported by other investigators.’ The effect produced by the pres- 
ence of buffer ions in the medium and the influence of the 
total ionic strength will be discussed below. 

The tendency of the protein to interact more strongly with 
Cd+* than with Zn*++ is in accordance with Gurd’s observations 
(52). A similar trend for isolated imidazole is seen from Table 
Ill. It will be observed that the present data yield a some- 
what higher log Ga value than found by other investigators. 
This is, in the first place, due to the lower ionic strength at 
which the present Cd++-binding experiments were performed. 
As mentioned above, our calculations are based on the free ion 
concentration. If the activity coefficient of the metal ion (ym) 
is introduced into Equation 1, it is readily seen that 


(15) 


where ky° is the constant calculated from ion concentration and 
ku’ the value obtained by computing the activity. Since the 
negative value of log yu increases with the ionic strength, the 
log (ku’/km®) ratio will be equal to unity at zero concentration 
and increase with the ionic strength. 

By extrapolation of the zinc-binding constants to zero ionic 
strength tentative ym values may be calculated from Equation 
15, amounting to 0.60 and 0.36 for ['/2 0.15 and 0.28, respec- 
tively. The corresponding values reported for ZnCl. are about 
0.57 and 0.49 (53). In this connection, however, another fac- 
tor which may account for the decrease of the ky°® values might 
be the possible lessening of the stabilization of the carboxyl 


Log ky® = log ky’ + log yu 


7 The high values given by Lal and Rao (8) and Rao and Lal 
(9, 10) are explained by the assertion that all former constants 
should be upgraded by about 0.8 logarithmic units to make them 
consistent with the more recent titration data for bovine serum 
albumin (33). This view, however, would be concomitant with 
the acceptance of a considerable difference between the metal- 
binding values for the isolated and those for the protein-bound 
imidazole group, contrary to the data shown in Table III. No 
satisfactory explanation could yet be offered for such divergence. 
On the other hand, the electrophoretic mobilities of these authors, 
upon which their calculations are partly based, were converted 
into charge by Longsworth and Jacobsen’s experimental Z/u 
ratio which differs by a factor 1.5 from the theoretical ratio (6). 
As shown above, the latter is in good agreement with the ratio 
calculated from the newer experimental data. 


H. Waldmann-Meyer 
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TaB_e III 
Intrinsic cadmium- and zinc-binding constants 
Ion |Bound to: Log k,,° T/2| Medium t Method 
Cd*+ | 4-Im¢ 2.80 (0.15) NaNO; | 25°) Potentiometry® 
Cd**+ | BSA 2.80 (0.15) KCl 25°) Polarography* 
Cd**+ | BSA | 3.84 (0.20) NaAc | 30°| (Combined) 
Cd** | BSA | 8.12 (0.10) NaAc 25°| Electrophoresis¢ 
Zn*++ | 4-Im? 2.58  |0.16) NaNO; | 24°) Potentiometry’ 
Zn** | 4-Im* | 2.76 0.16) NaNO; |4.5°| Potentiometry/ 
Zn** | BSA | 3.08 |0.05| NaAc | 26°} (Combined)¢ 
Zn*+ | BSA | 2.9 + 0.110.15| KCI 25°| Polarography< 
Zn**+ | HSA (2.82 + 0.10.15} NaNO; | 0° Equilibrium di- 
alysis* 
Zn**+ | BSA | 3.87 0.20; NaAc 30°} (Combined) 4 
Zn*+ | HSA 2.76 |0.15| NaAc 25°| Electrophoresis¢ 
Znt+ HSA | 2.54 \0.28| NaAc 25°| Electrophoresis¢ 











*4-Im = 4-imidazole. 

>’ Reference (44). 

¢ Reference (23). 

¢ Equilibrium dialysis, electrophoresis, and polarography 
(8-10) (see footnote 7). 

¢ This investigation. 

! Reference (43). 

9 Polarography and equilibrium dialysis (49). 

» Reference (50). Identical results with mercaptalbumin (51). 


groups by salt bridges with increasing ionic strength (33), thus 
enabling these sites to compete with imidazole for metal-bind- 
ing. The present data do not permit the exclusion of this pos- 
sibility. 

The electrostatic effects on the imidazole site produced by 
binding of Ac~ ions present in the medium to other centers, 
as well as the influence of metal-imidazole association on Ac~ 
interaction, are so far unknown. However, the fact that no 
significant difference in metal association is found between the 
macromolecule and imidazole alone (Table III) when working 
in media containing Cl-, which shows binding properties similar 
to those of the Ac~ ion, might indicate that the position of 
the imidazole sites in serum albumin is such as to make them 
rather indifferent to the fate of the remainder of the molecule. 
The concordance of the present data with those secured by 
other methods could be explained on the same grounds. In 
consequence, even if the absence of buffer ions is to be preferred 
from theoretical considerations, their presence, under the experi- 
mental conditions here described, does not seem to preclude ob- 
taining reliable association constants. 

It may be objected that either n or Ky has to be known in 
order to calculate the final constant from the mobilities. In the 
present approach n was taken as known. However, when deal- 
ing with a protein less investigated than albumin, Ky will be 
derived directly from the titration data and f obtained by cor- 
relating the charge with the electrophoretic mobilities in the 
corresponding medium; n may then be evaluated from Equa- 
tion 6a and the calculations continued as outlined above. On 
the other hand, if Kg and f are known, Equation 4 may be 
employed. This makes possible the use of the ¥/[M] against 
[M] plot, according to Scatchard (54), from which both n and 
ky® are found. One advantage of applying Equation 4, instead 
of Equations 6 and 7, consists in avoiding the introduction of 
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the extrapolated intercept value (6) of Equation 5, the accu- 
racy of which is of extreme relevance in calculations of the 
constants for bivalent ions. When % is computed according to 
Equation 4 from the Ky values calculated for n = 17 and 
Zu = 2, it is found that ¥/Au-10-5 = 2.895 (Cd, I'/2 0.10), 
3.49 (Zn, '/2 0.15), and 4.25 (Zn, I'/2 0.28). The data of Fig. 
3 can thus be converted into the 7 values, yielding experimental 
maxima of ? = 11.52, 11.38, and 7.86, respectively. 

Most approaches to the quantitative calculation of interac- 
tions contain a number of unavoidable simplifications. In the 
present case, certain approximations are also necessary in the 
calculation of the underlying experimental data, viz. the free 
mobilities of a protein migrating in a stabilized medium (18, 
19). However tempting, it is, therefore, considered unsound to 
extend the present findings into the more speculative realm of 
a detailed interpretation of the observed interaction phenomena, 
which, furthermore, requires an intimate and thus far unavail- 
able knowledge of the protein structure. The constants found 
in this investigation are calculated from electrophoretic and ti- 
tration data alone. This implies that protein interactions with 
other macromolecules can be analyzed on this basis, as distinct 
from a method combining electrophoresis with equilibrium di- 
alysis. Moreover, the replacement of the Tiselius technique by 
zone electrophoresis employing micro amounts of protein, en- 
sures a high ion-protein ratio and, at the same time, makes 
the quantitative study of interactions involving enzymes, anti- 
bodies and pathological proteins possible. The answer, however, 
to Seatchard’s five fundamental questions with regard to bind- 
ing: “How many? How tightly? Where? Why? What of it?’’ (22), 
will always call for a simultaneous attack on the problem from 
several different angles. 


SUMMARY 


The free solution mobilities of serum albumin were determined 
by zone electrophoresis in buffer media containing increasing 
amounts of cadmium or zinc salt. The mobility change pro- 
duced by metal association was converted into charge units by 
means of the charge-mobility ratio obtained from correlating 
electrophoretic and titration data. Good agreement between 
this ratio and the theoretical value was found. After combining 
the mass law equations for competitive binding to the imidazole 
sites, the association constants for both protons and metal ions 
could be calculated from a reciprocal mobility change against 
concentration plot. Intrinsic binding constants of log ky°® 
7.14 and log kZn 2.76 were found at I'/2 0.15, whereas the 
corresponding results for '/2 0.28 were 7.23 and 2.54. Log k® 
values of 6.95 for proton interaction and of 3.12 for Cd-bind- 
ing were determined at 0.10 ionic strength. The results agree 
with those secured by other methods. Indications for the pres- 
ence of 17 imidazole groups in both bovine and human serum 
albumin are presented. Quantitative data on interactions be- 
tween macromolecules may be arrived at by this approach. 
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